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ABSTRACT
INVESTIGATING QUANTITATIVE AUTISM SPECTRUM BEHAVIORS IN A
FAMILY-BASED GENETICS STUDY
Sara C. Taylor
Edward S. Brodkin

Autism Spectrum Disorder (ASD) is a neurodevelopmental condition that is
complex both in its behavioral presentation and in its genetic basis. The use of
quantitative behavioral phenotypes instead of the binary, categorical phenotype of
diagnosis (Yes ASD, No ASD) has yet to be broadly applied in some areas of ASD
research, including ASD genetics. Prior to investigating quantitative ASD-related
phenotypes in humans, we reviewed the literature connecting synaptic cell adhesion
molecules to social affiliation (a behavior disrupted in autism) in rodent models, and we
proposed a mechanistic model. Then, by recruiting autistic adults and their extended
family members through the Autism Spectrum Program of Excellence and having them
complete a detailed quantitative phenotypic battery, we were able to address the
reliability of quantitative phenotyping measures and to start investigating them. We found
nearly all of the tested quantitative phenotypes to be heritable across several ASDrelevant behavioral domains – including social communication, repetitive behaviors, and
executive functioning. Additionally, we found poor agreement between self-report and
informant-report of two such measures (the Social Responsiveness Scale (social
communication) and the Behavior Rating Inventory for Executive Function (executive
iv

functioning)) among autistic adults. Finally, we looked at the relationships between
several relevant quantitative phenotypes, namely measures of overall ASD-related traits,
psychological resilience, anxiety, and depression. We found these constructs to be related
in such a way that suggests that enhancing resilience may mitigate depression among
those high in ASD-related traits. All together, this work points to the promise of a
quantitative trait approach in ASD research and highlights the need for several,
overlapping measures across multiple behavioral domains for the most thorough
understanding of ASD-related behavioral phenotypes.
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General Introduction
Autism Spectrum Disorder (ASD) is a heritable neurodevelopmental condition
that is behaviorally and genetically complex. This research presented in this dissertation
aims to better understand the potential genetic contributions to ASD-related behaviors, as
well as the complex phenotypic expression of ASD in adults. This chapter will provide
general background, lay out the objectives and context of each chapter, address the
overall significance of this work, discuss the limitations of scope, and finally provide an
outline for the remainder of the dissertation.
Background
ASD is a highly heterogeneous neurodevelopmental condition. Diagnosis is
behaviorally defined, requiring the presence of behaviors matching the clinical criteria in
two core domains – social communication and restricted, repetitive behaviors and
interests – at the time of diagnosis and in childhood (American Psychiatric Association,
2013). The components of social communication behaviors required for ASD diagnosis,
according to the Diagnostic and Statistical Manual of Mental Disorders (DSM-5), are
difficulties with nonverbal communication, social interactions, and relationships
(American Psychiatric Association, 2013). In the restricted, repetitive behaviors and
interests domain, the DSM-5 lists several potential behaviors fitting ASD diagnosis,
including repetitive movements; inflexibility and ritualized behavior; narrow, intense
interests; and hypo-or hyper-sensitivity to sensory stimuli (American Psychiatric
Association, 2013). In order for a diagnosis to be made, the behavioral criteria need to be
1

met during early development, result in challenges in daily functioning, and not be better
explained by similar diagnoses, such as intellectual disability (American Psychiatric
Association, 2013).
Understanding ASD by relying on diagnosis is challenging for several reasons.
First, diagnosis is susceptible to clinician bias as well as institutional barriers. Gender,
race, and socioeconomic status have all been identified as factors that influence whether
an ASD diagnosis is received (Durkin et al., 2015; Imm et al., 2019; Lockwood Estrin et
al., 2020; Nowell et al., 2015; Obeid et al., 2020). Second, there are no widely used and
accepted biomarkers for autism that would allow for a more objective approach to
diagnosis. While there is a vast amount of research dedicated to the search for an ASD
biomarker, the current candidates are currently preliminary and still require validation
(Frye et al., 2019; Shen et al., 2020). Finally, there is vast heterogeneity in the behavioral
presentation and lived experience within the category “ASD”. Within the core diagnostic
domains, there is variation in expression and severity. In fact, ASD-related traits vary
continuously across the autism spectrum and the general population, including those who
do and do not have diagnoses (Constantino et al., 2003; Constantino & Todd, 2003). One
way to get traction on understanding ASD is to try to capture this behavioral
heterogeneity by measuring behavioral phenotypes quantitatively.
Outside of social communication and restricted, repetitive behaviors and interests,
there is a broad array of common differences and disorders that accompany ASD. These
include, but are not limited to, executive functioning differences, anxiety disorders,
depression, and intellectual disability (M.-C. Lai et al., 2019; Mannion & Leader, 2013).
2

Executive functioning is a set of cognitive abilities that help us do many day-to-day
activities. These abilities include working memory (the ability to hold information in
your memory while applying it), flexible thinking, planning, and impulse control. A
recent study found the majority of autistic adults in their sample had clinical-level
severity in executive function difficulties, both on tasks designed to test executive
functioning and in everyday life (Johnston et al., 2019). Generalized anxiety disorder is
marked by excessive worry and accompanied by fatigue, irritability, difficulty
concentrating, and trouble sleeping. Major depressive disorder is a mood disorder
characterized by persistent hopelessness and sadness, with a loss of interest and
motivation for one’s usual activities, and disruptions in sleep and appetite (American
Psychiatric Association, 2013). Meta-analysis estimates for the prevalence of anxiety
disorders (including generalized anxiety disorder, panic disorder, social anxiety disorder)
and depression among autistic individuals were 22-23% and 12%, respectively (Lai et al.,
2019). Diagnostic criteria for intellectual disability include impairments in cognitive
functioning and in adaptive functioning (American Psychiatric Association, 2013).
Estimates suggest that around 30% of autistic individuals also have intellectual disability
(Baio et al., 2018). These, among other, co-occurring conditions add complexity to the
reliance on categorical phenotypes (aka diagnosis alone) in research. Using sensitive
measures for multiple dimensions of ASD-related behavior can provide insight that
relying on the categorical split of diagnosis vs. no diagnosis cannot.
Intertwined with this phenotypic heterogeneity is variation in the biology
underlying ASD. ASD is highly heritable, with hundreds of genes associated with the
3

condition (Li et al., 2012; Sandin et al., 2017; Tick et al., 2016; Xie et al., 2020). The
genetic contribution to ASD within each individual varies by gene variant type, size,
severity, and number. It is estimated of ASD diagnosis liability, 49% stems from
common inherited variants, which by definition are present in more than 1% of the
population, and 3% stems from rare inherited variants (Gaugler et al., 2014). Variants
that have been identified as associated with ASD fall into several large functional
categories, including neuronal development and axon guidance (Pinto et al., 2014). For
example, within this functional group, Neurexin 1 (NRXN1) has been identified as a gene
of interest. Neurexins are embedded in the presynaptic membrane of neurons throughout
the brain and have multiple trans-synaptic binding partners (Südhof, 2017). They have
been shown to play a key role in synapse organization and modulation and are associated
with several neuropsychiatric disorders, including ASD, schizophrenia, intellectual
disability, and epilepsy (Südhof, 2017).
The genetic contribution to various ASD quantitative phenotypes, instead of to
ASD diagnosis as a categorical phenotype, has only just begun to be explored in human
genetics work. For instance, a recent genome-wide association study investigated the
contribution of common variants to different dimensions of the ASD phenotype and was
able to identify new variants of interest, expanding upon previous work in the field
(Yousaf et al., 2020). The findings of this study are promising, suggesting that using
quantitative phenotypes in future ASD studies could be beneficial for the field in
promoting discovery by deconstructing phenotypic heterogeneity.
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While quantitative phenotypes are promising in their ability to be more
descriptive of someone’s experience with ASD than a diagnosis status is, they still
present a challenge, namely knowing which quantitative phenotypes are most important
for ASD research and how best to measure them. There are several broad categories of
quantitative phenotyping methods: questionnaires, performance-based tasks, and digital
phenotyping. Questionnaires can be completed by an individual about their own
behaviors (self-report) or by someone else about that individual’s behaviors (informantreport). Questionnaires are useful in that they are efficient and inexpensive ways to
collect lots of information about a participant. One of their primary drawbacks is the
limited reliability of someone reporting their own or another’s behavior. Performancebased tasks can seem to be a more objective way to assess certain abilities, like emotion
recognition or cognitive flexibility, but may not reflect how someone uses those abilities
in their daily life (i.e. may lack ecological validity). Digital phenotyping relies on precise
quantification of a behavior or action. One particularly relevant example is the use of
machine learning to detect and calculate synchrony of facial movements during a
conversation, which has been shown to reliably distinguish between young adults with
and without autism (Sariyanidi et al., 2019). All of the above methods have various
limitations, but one they share is generalizability. Questionnaires and performance-based
tasks may not reflect someone’s daily functioning or experiences, and while digital
phenotyping aims to measure an aspect of functioning directly, it is often measuring only
a narrow behavior or set of behaviors. Of the many different methods for quantitative
phenotyping, the work described below focuses in large part on questionnaires, but also
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includes some performance-based tasks. Future work should be extended to other
quantitative phenotyping methods.
Additionally, this thesis focuses on autistic adults without intellectual disability.
As ASD is a neurodevelopmental condition, much of the focus in autism research is on
infants, toddlers, children, and adolescents. Work with these age groups can address
topics like early detection and intervention. It can also examine how the ASD phenotype
changes over development (e.g. Matson & Horovitz, 2010; Tunç et al., 2021). There are
also overlapping questions to be explored across the lifespan for autistic individuals, such
as how to assess and address an individual’s needs and how reliable current assessment
methods are. In order to explore these questions using multiple quantitative phenotyping
methods, we chose to recruit autistic adults without intellectual disability and their family
members. Ensuring that participants were verbal and could complete both self-report
questionnaires and performance-based tasks allowed us to assess a wider range of
quantitative measures and methods than we would have otherwise been able to.
Objectives by chapter
Chapter 1. Explore neural mechanisms related to synaptic cell adhesion
molecules underlying social affiliation.
There has been a large body of research exploring the contribution of individual
genes encoding synaptic cell adhesion molecules (sCAMs) to social affiliative
behaviors, which include the initiation and maintenance of social interaction.
However, a cohesive model or understanding of mechanism has yet to arise. The goal
6

of this review was to establish such a model and provide guidance for future research.
In order to do this, we reviewed all literature using rodent models with sCAMencoding gene variants, compiled the neural activity and behavioral results, and
detailed a hypothesized mechanistic model.
Chapter 2. Determine heritabilities of ASD-related quantitative phenotypes.
The heritability of ASD as a diagnosis has been firmly established (Sandin et al.,
2017; Tick et al., 2016; Xie et al., 2020), however the heritabilities of the many
behavioral dimensions that make up the ASD phenotype has not. Using quantitative
measures of these dimensions in future genetics studies could help to provide insight
into the etiology of the complex ASD phenotype (Yousaf et al., 2020). By asking if,
and to what degree, these quantitative traits are heritable in a large family-based
study, we aimed to establish which traits may be good candidates for future study.
Chapter 3. Explore assessment effects of ASD-related quantitative phenotypes.
ASD-behaviors are assessed using questionnaires for initial detection / screening,
measurement of traits for treatment studies, and, increasingly, in neuroimaging and
genetics studies. The agreement of self-report and informant-report responses to those
questionnaires in autistic adults has been under-explored. We aimed to assess
agreement on a measure of ASD-related traits and a measure of executive functioning
in a sample of autistic adults and their family members.
Chapter 4. Explore relationships among resilience, anxiety, depression, and
ASD-related behaviors.
7

A significant portion of autistic individuals also have either anxiety (23%) or
depression (12%) diagnoses, according to meta-analysis estimates (M.-C. Lai et al.,
2019). There is evidence that the COVID-19 pandemic and its many associated
stressors have and will continue to exacerbate anxiety and depression across the
autism spectrum (Gianfredi et al., 2021; Oomen et al., 2021). The relationship
between psychological resilience, a construct defined in part by the dynamic ability to
buffer anxiety and depression, and ASD-related behaviors has yet to be explored. Our
results suggest that bolstering resilience may be a promising approach to countering
the increased risk of co-occurring anxiety and depression in autistic adults and those
high in ASD traits, especially during periods of high stress.
Significance
The focus of Chapter 1 on social affiliation in rodent models with mutations in
synaptic cell adhesion molecules (sCAMs) aims to provide detailed biological insight
into a behavior that is trans-diagnostically relevant. Social affiliation is affected in several
neurodevelopmental and neuropsychiatric disorders, either as part of the core phenotype
(as is the case of ASD or social phobia) or as an ancillary trait (as is in the case of
schizophrenia or depression). These disorders, in turn, often have been shown to be
associated with disruption in synaptic cell adhesion molecules in human genetics studies.
We hope that our thorough examination of evidence related to the role of synaptic cell
adhesion molecules in social affiliation will lead to mechanistic insight that will
subsequently shape basic and translational research.
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The remaining chapters explore the viability of an array of quantitative behavioral
phenotypes for use in ASD research and then explore ASD-related traits, psychological
resilience factors, and anxiety and depression symptoms as quantitative phenotypes.
Chapter 2 provides the necessary justification for the use of multiple ASD-related
quantitative phenotypes across different behavioral domains in future genetics studies. By
calculating the heritabilities of these phenotypes among autistic adults and their family
members, we provide a route for prioritization of quantitative phenotypes in future
human genetics study. Chapter 3 explores the viability of quantitative phenotypes among
autistic adults by investigating the potential assessment effects of collecting the data via
self-report vs. informant-report. Our study seeks to establish the degree of the agreement
between the two assessment methods with the goal of better understanding the
phenotypes for future studies. The final chapter of this dissertation takes advantage of the
benefits of quantitative phenotypes to look at how resilience and demographic factors
might interact with ASD-related traits to buffer or exacerbate anxiety and depression
symptoms. This work has the potential to lead to new approaches to addressing the
difficulties of anxiety and depression, especially among autistic adults.
Limitations of scope
The primary limitation of the scope of Chapter 1 is its focus on rodents as model
organisms. We cannot assume that the neurobiological findings generalize to humans. It
is also unclear what social behaviors and social cognitive processes in humans may relate
to the social affiliation as measured in the rodent tasks, but presumably the rodent tasks
are relevant to aspects of social approach in humans. The chapters that follow share the
9

limitation that the work focuses on ASD without intellectual disability. There is a
growing body of evidence that the genetic basis for ASD with and without intellectual
disability may differ. Additionally, any behavioral findings may differ in the context of
intellectual disability. Therefore, the findings in Chapters 2-4 may not generalize to ASD
with intellectual disability. Also, this work focuses on autistic adults and their family
members. There may be differences in the results for autistic children. Finally, none of
the studies discussed in Chapters 2-4 were completed with collaboration of autistic
individuals outside of their participation as a research subject – meaning the study design,
analysis, and interpretation were all shaped by non-autistic perspectives. When trying to
provide insight into autistic experiences and needs, the lack of autistic perspectives is an
obvious limitation of our work.
Outline
The following four chapters will describe separate research projects in detail.
Chapter 1 is a review on the role of synaptic cell adhesion molecules (sCAMs) in social
affiliation. Chapter 2 explores the heritabilities of quantitative ASD-related phenotypes in
a family genetics study. Chapter 3 investigates the agreement between self-report and
informant-report for ASD-related traits among autistic adults and their family members.
Chapter 4 looks at the relationships among ASD-related traits, resilience, anxiety, and
depression in a sample enriched in ASD-related traits. Following these chapters will be a
conclusion discussing the body of work as a whole and evaluating possible future
directions.
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CHAPTER 1: The Role of Synaptic Cell Adhesion Molecules and
Associated Scaffolding Proteins in Social Affiliative Behaviors
This chapter has been published with modified formatting in the journal Biological
Psychiatry. These modifications include the subsection on scaffolding proteins being
relegated to the supplement instead of the main text due to space limitations.
Taylor, S. C., Ferri, S. L., Grewal, M., Smernoff, Z., Bucan, M., Weiner, J. A., ... &
Brodkin, E. S. (2020). The role of synaptic cell adhesion molecules and associated
scaffolding proteins in social affiliative behaviors. Biological psychiatry, 88(6),
442-451.
Introduction
Social affiliative behaviors—engagement in positive (i.e., nonaggressive) social
approach and reciprocal social interactions with a conspecific—comprise a construct
within the National Institute of Mental Health Research Domain Criteria Social Processes
Domain. These behaviors are disrupted in multiple human neurodevelopmental and
neuropsychiatric disorders, such as autism, schizophrenia, and social phobia. Because
major disruptions of social affiliative behaviors are common, highly disabling, and
refractory to currently available pharmacological treatments, research into the underlying
genetic and molecular basis of social affiliation deficits should be prioritized so that
psychiatric treatment can be advanced. In this review, we examine the neural circuits and
molecular mechanisms of social affiliative behaviors and focus on the role of synaptic
cell adhesion molecules (sCAMs) in these behaviors.
Synapses are highly complex, dynamic structures at the interfaces between
neurons and are critical for neuron-to-neuron communication in the brain. sCAMs are
transmembrane or membrane-tethered proteins involved in the maintenance, function,
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and elimination of synapses. sCAMs can belong to several protein families, including
neurexins, neuroligins, cadherins, protocadherins, immunoglobulin superfamily (IgSF)
proteins, and leucine-rich repeat (LRR) proteins. Historically, sCAMs are defined by
their combination of repeated adhesion protein domains and their location at the synapse.
sCAMs sit on the pre- and/or postsynaptic membrane and bind transsynaptically to other
sCAMs, as well as intracellularly to cytoskeletal elements and scaffolding proteins.
Human genetic studies have strongly implicated sCAMs in several
neuropsychiatric and neurodevelopmental disorders involving marked reductions, or
other dysregulations, of social affiliative behaviors. Most notably, neurexins and
neuroligins have been associated with autism spectrum disorder (ASD), a
neurodevelopmental disorder largely defined by reduced or dysregulated social affiliative
behaviors (Südhof, 2008). Neurexins have been linked to several other disorders
associated with social difficulties, including Pitt-Hopkins syndrome, schizophrenia,
intellectual disability, attention-deficit/hyperactivity disorder, and bipolar disorder
(Kasem et al., 2017). Additionally, a member of the IgSF, CHL1 (close homologue of
L1), has been associated with autism, intellectual disability, and schizophrenia (Li et al.,
2016; Sakurai et al., 2002; Salyakina et al., 2011; Shoukier et al., 2013). A well-studied
family of sCAM-associated scaffolding proteins, SHANKs (SH3 and multiple ankyrin
repeat domains proteins), have been implicated in various neurodevelopmental and
psychiatric disorders, including ASD, intellectual disability, schizophrenia, and attentiondeficit/hyperactivity disorder (Guilmatre et al., 2014). Several genes in the cadherin and
protocadherin families have also been associated with neuropsychiatric disorders,
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including epilepsy, intellectual disability, ASD, schizophrenia, and bipolar disorder
(Redies et al., 2012).
This review proposes a mechanistic model for the role of sCAMs in social
affiliation behaviors using evidence from rodent models. The National Institute of Mental
Health Research Domain Criteria defines social affiliation as social approach (i.e.,
initiation of interaction with another) and engagement (i.e., maintenance of interaction
beyond initiation) in positive social interactions with other individuals. In this review, we
focus on the role of sCAMs in the 3-chamber social approach assay (Moy et al., 2004;
Sankoorikal et al., 2006) as well as in the direct social interaction (i.e., reciprocal social
interaction) assay. We do not include studies of social novelty, social memory,
aggression, mating, or maternal behaviors, although these are important areas of future
focus. By focusing on a key Research Domain Criteria behavior, rather than on putative
rodent models of complex disorders, our review can approach the mechanistic detail—at
the molecular, cellular, circuit, and behavioral levels—necessary to develop new
treatment targets for disruptions of this important behavioral domain. This review finds
that the disruption of sCAMs often manifests in changes in social affiliative behaviors,
along with alterations in dendritic spine morphology and glutamatergic transmission in
several key regions, namely the medial prefrontal cortex (mPFC), basolateral amygdala
(BLA), ventral tegmental area (VTA), anterior cingulate cortex (ACC), and
hippocampus.
Neurexins and Neuroligins
Neurexins
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Proteins of the neurexin family are key organizers of the synapse, with thousands
of isoforms and multiple binding partners. Neurexins are present at presynaptic
membranes of excitatory and inhibitory synapses (Graf et al., 2004; Ushkaryov et al.,
1992) (see Figures 1-1 and 1-2). They have been shown to be involved in recruitment of
synaptic vesicles to the presynaptic membrane for release and in triggering postsynaptic
differentiation (Dean et al., 2003; Graf et al., 2004). Neurexins bind GABAA (gammaaminobutyric acid A) receptors in addition to other sCAMs, including neuroligins,
dystroglycan, LRRTM (LRR transmembrane) neuronal proteins, cerebellins,
calsyntenins, latrophilins, and neurexophilin (Boucard et al., 2005, 2012; Joo et al., 2011;
Ko et al., 2009; Missler et al., 2002; Pettem et al., 2013; Sugita et al., 2001; C. Zhang et
al., 2010). In humans and mice, there are 3 genes encoding classic
neurexins: Nrxn1, Nrxn2, and Nrxn3 (Tabuchi & Südhof, 2002). Neurexin genes in
vertebrates have 2 promoters with the ability to produce either alpha- or beta-neurexin
transcripts (Tabuchi & Südhof, 2002). The Nrxn genes differ in alternative splicing and
expression patterns (Tabuchi & Südhof, 2002; Ullrich et al., 1995) (see Table A-1 in
Appendix).
The reported effects of deleting Nrxn1 on rodent social affiliation are varied,
including decrease (Armstrong et al., 2019; Twining et al., 2017), increase (Grayton et
al., 2013), and no change (James Dachtler et al., 2015; M. R. Etherton et al., 2009) in the
behavior. These inconsistencies across studies could be due, in part, to variable
expressivity of the mutation related to differing genetic backgrounds of the models (M.
R. Etherton et al., 2009; Grayton et al., 2013) and to variation across studies in methods,
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including behavioral testing procedures, age of the mice at testing, and other differences
(see Table A-2 in Appendix).
In contrast to the variability found with Nrxn1 deletions, knockout of Nrxn2 has
been shown to decrease social affiliation consistently (Born et al., 2015; Dachtler et al.,
2014; Dachtler et al., 2015). Knockout of Nrxn2 also impacted excitatory
neurotransmission in layer V of the somatosensory cortex, namely by decreasing the
frequency of miniature excitatory postsynaptic currents (mEPSCs) and NMDA receptor
(NMDAR) transmission (Born et al., 2015). Studies examining the impact of Nrxn3 on
social affiliation were not found in our literature search. Overall, while the role of Nrxn1
is more uncertain, it seems clear that Nrxn2 plays a role in social affiliation. More work
needs to be done to test the region and cell specificity of the role of neurexins in social
affiliation, in addition to the potential role of spine changes in the mechanistic pathway
linking neurexins to social affiliation behavior.

Neuroligins
The most studied postsynaptic binding partners for neurexins are neuroligins.
Neuroligins facilitate presynaptic neurexin clustering and affect synapse maturation
(Chanda et al., 2017; Dean et al., 2003). Some work (mostly in overexpression or
knockdown models) indicates that neuroligins may influence synaptogenesis, along with
spine morphology and number (Chih et al., 2005; Graf et al., 2004; Kwon et al., 2013;
Scheiffele et al., 2000), though those findings are in conflict with other work examining
global conditional knockout models (Chanda et al., 2017). In mice, there are 4
neuroligins, which differ in their cell type–specific expression and binding specificity.
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Neuroligin-1 (encoded by Nlgn1) is found at excitatory synapses throughout the
brain and, in addition to extracellular interactions with presynaptic neurexins, binds
several postsynaptic scaffolding proteins via its cytoplasmic domain, including PSD-95
(postsynaptic density protein 95), S-SCAM (synaptic scaffolding molecule), SHANK1,
and SHANK3 (Iida et al., 2004; Irie et al., 1997; Meyer et al., 2004; J.-Y. Song et al.,
1999). Knockout of Nlgn1 led to decreased social affiliation, decreased long-term
potentiation in hippocampus CA1, and decreased NMDA/AMPA ratio in the striatum
(Blundell et al., 2010). Knockin of a deleterious Nlgn1 allele, a P89L substitution
originally identified in a proband with ASD, led to decreased social affiliation in a mouse
model (Nakanishi et al., 2017). On the other hand, overexpression of Nlgn1 failed to
affect social affiliation, as did knockdown of Nlgn1 (Gkogkas et al., 2013; Hoy et al.,
2014).
Neuroligin-2 (Nlgn2) is present at the postsynaptic membrane of inhibitory
synapses throughout the brain (Varoqueaux et al., 2004). Knockout and knockdown
of Nlgn2 had no effect on social affiliation behavior (Blundell et al., 2009; Gkogkas et
al., 2013; Wöhr et al., 2013). Conditional knockout of Nlgn2 in the mPFC, however, did
lead to decreased social affiliation, accompanied by a decrease in inhibitory transmission,
as indicated by a decrease in amplitude and frequency of miniature inhibitory
postsynaptic currents in the mPFC (Liang et al., 2015). Conditional, region-specific
overexpression of Nlgn2 in the hippocampus did not affect social affiliation (Van Zandt
et al., 2019). Transgenic overexpression of Nlgn2 has led to decreased social affiliation
and an increase in frequency of mEPSCs in layer II/III of the PFC (Hines et al., 2008).
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Neuroligin-3 (Nlgn3) is found at both excitatory and inhibitory synapses
throughout the brain (Budreck & Scheiffele, 2007). Knockin of the
deleterious Nlgn3 allele R451C (a mutation identified in autistic probands) has been
reported to decrease social affiliation in some cases (Jaramillo et al., 2014; Kumar et al.,
2014; Tabuchi et al., 2011) and to result in no change in others (Burrows et al., 2017; Cao
et al., 2018; Chadman et al., 2009; Jaramillo et al., 2018). One study showed variation in
results on social affiliation (no change/decrease) based on the assay used, yet consistent
increases in excitatory transmission in hippocampal CA1, as measured by field excitatory
postsynaptic potential, NMDA/AMPA ratio, mEPSC frequency, and NMDAR-dependent
long-term potentiation (Etherton et al., 2011). Among these studies, researchers tested the
impact of genetic background, showing that for Nlgn3R451C knockin mice, social
preference in a 3-chamber assay was eliminated on a 129S2/SvPasCrl background but
maintained on a C57BL/6J background (Jaramillo et al., 2014, 2018). In contrast to the
knockin R451C models, knockout of Nlgn3 does not consistently affect social affiliation
(Hamilton et al., 2014; Radyushkin et al., 2009; Tabuchi et al., 2011). However, one
study did find that both global knockout of Nlgn3 and conditional knockout of Nlgn3 in
VTA dopaminergic neurons led to reduced social affiliation (Bariselli et al., 2018).
Neuroligin-4 (Nlgn4) seems to be limited to glycinergic synapses throughout the brain
and central nervous system more generally (Hoon et al., 2011). Thus far, there is one
report that knockout of Nlgn4 led to a decrease in social affiliation (Jamain et al., 2008).
Together, current data generally support a role for neuroligins in social affiliation,
with some variation in how they impact related neurotransmission. One way
that Nlgn3 impacts social affiliation is through GluA2-lacking AMPA receptors at inputs
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onto dopaminergic neurons in the VTA (Bariselli et al., 2018), while Nlgn2 and
inhibitory transmission are implicated in the mPFC; however, the detailed mechanisms
involved still need to be clarified (Hines et al., 2008; Liang et al., 2015).
Cadherins
There are over 100 members of the cadherin superfamily, defined by the presence
of one or more of approximately 110 amino acid-long cadherin domains in their
extracellular portions. Subfamilies of cadherins include the classical cadherins (including
type I and type II cadherins), desmosomal cadherins, protocadherins, calsyntenins, and
atypical/7-transmembrane cadherins. Cadherins have been implicated in pre- and
postsynaptic organization and are likely to play key roles in synapse formation and
plasticity, as well as in spine maintenance (Okamura et al., 2004; Salinas & Price, 2005).
Despite being implicated in neurodevelopmental disorders with social impairments
((Redies et al., 2012), cadherins have received relatively little attention in research related
to social behaviors. The present review found research on social affiliation for only two
cadherin superfamily genes: Clstn2 (calsyntenin-2) and Pcdh10 (protocadherin-10).
Calsyntenin-2 resides on the postsynaptic side of both inhibitory and excitatory
synapses in most areas throughout the brain (Hintsch et al., 2002), and Clstn2 knockout
mice exhibited decreased social affiliation (Ranneva et al., 2017). Protocadherin-10 is
present in excitatory synapses and engages in homophilic, and limited heterophilic, transcellular, and intracellular interactions (Hirano et al., 2018; Nakao et al., 2008; Tsai et al.,
2012). It is expressed throughout the brain, though with some regional specificity that
varied depending on whether messenger RNA or protein expression was analyzed (Aoki
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et al., 2003; Hirano et al., 2018; Luckner et al., 2001). Haploinsufficiency of Pcdh10 in
mice decreased social affiliation and led to an increased density of morphologically
immature dendritic spines in the BLA (Schoch et al., 2017). Importantly, decreased social
affiliation in the Pcdh10 model was rescued by acute, systemic treatment with Dcycloserine, a partial glycine agonist that enhances NMDAR signaling (Schoch et al.,
2017).
Thus, though a couple members of the cadherin superfamily have been implicated
in social affiliation, there is a vast amount of work still to be done to elucidate the
potential roles of the remaining family members. Given the association of many
protocadherins with changes in synapse structure and with neuropsychiatric disorders,
further study of this diverse subfamily in relation to social affiliation, in particular, should
be pursued (Peek et al., 2017; Tsai & Huber, 2017).
Immunoglobulin Superfamily
Many sCAMs belong to the IgSF, whose members are defined by the presence of
extracellular Ig domains similar to those in antibodies, each comprising a sandwich of
two β-sheets. Multiple members of this family have been implicated in synapse
formation, maintenance, and plasticity (Sytnyk et al., 2017). Unfortunately, few IgSF
members have been examined in the social affiliation literature as of yet.
Chl1 is involved in synapse maintenance, via influences on presynaptic
organization (Andreyeva et al., 2010; Leshchyns’ka et al., 2006). CHL1 is expressed on
the presynaptic membrane of excitatory and inhibitory neurons throughout the brain and
is also expressed by some glia (Hillenbrand et al., 1999; Holm et al., 1996; Leshchyns’ka
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et al., 2006). Its intracellular binding partners include Hsc70 (heat shock cognate 71 kDa
protein), SNAP25 (synaptosomal nerve-associated protein 25), VAMP (vesicleassociated membrane protein)/synaptobrevin, and CSP (cysteine string protein), while
extracellular interactions with integrins have also been reported (Andreyeva et al., 2010;
Buhusi et al., 2003; Leshchyns’ka et al., 2006). Knockout of Chl1 led to a decrease in
social affiliation (Morellini et al., 2007).
SynCAM1 (synaptic cell adhesion molecule 1) (encoded by Cadm1) is involved
in the processes of synapse formation pre- and postsynaptically and maintenance via
heterophilic transsynaptic binding, as well as in the recruitment of NMDA receptors to
the postsynaptic membrane via binding to intracellular effector molecules (Biederer et al.,
2002; Fogel et al., 2007; Hoy et al., 2009; Robbins et al., 2010). SynCAM1 is present on
both presynaptic and postsynaptic sides of excitatory and inhibitory synapses throughout
the brain (Biederer et al., 2002; Thomas et al., 2008). It is involved in homophilic as well
as heterophilic binding with other members of the SynCAM family (specifically with
SynCAM2), and also interacts with CASK (calmodulin-dependent serine protein kinase)
and syntenin (Biederer et al., 2002; Fogel et al., 2007). Knockout of the Cadm1 gene led
to a decrease in social affiliation (Takayanagi et al., 2010).
NEGR1 (neural growth regulator 1) (also known as Kilon/IGLON4) is a
glycosylphosphatidylinositol-linked member of the IgLON family, a subfamily of the
IgSF, and is involved in the regulation of synapses, largely active in axons, growth cones,
and presynaptic terminals early in development and in spines later in development
(Hashimoto et al., 2008). Negr1 is expressed in multiple regions throughout the brain and
binds both homophilically and to heterophilic ligand OBCAM (opioid-binding cell
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adhesion molecule) (Funatsu et al., 1999; Miyata et al., 2003). It is found in excitatory
synapses on the presynaptic membrane early in development and on the postsynaptic
membrane later in development (Hashimoto et al., 2008). Both knockdown and knockout
of Negr1 have been reported to result in reduced social affiliation (Singh et al., 2018,
2019; Szczurkowska et al., 2018). These behavioral changes have been accompanied by
decreases in spine density, number of parvalbumin-positive interneurons, neurogenesis,
and axon growth in the hippocampus (Singh et al., 2018, 2019; Szczurkowska et al.,
2018).
Given the vast number of IgSF sCAMs, there is much more work to be done in
testing their relationship to social affiliation. However, current data on the select genes
that have been tested (Chl1, Cadm1, Negr1) suggest important roles for members of this
family in the regulation of social affiliative behaviors. Work with Negr1, in particular,
indicates that spine and synapse formation in the hippocampus is likely involved in
behavioral alterations (Singh et al., 2018, 2019; Szczurkowska et al., 2018).
LRR Proteins
LRR proteins are defined by LRR domains, comprising an α-β horseshoe fold,
and are known for their role in protein interaction and cell adhesion. Many members of
this structurally defined family have been identified as sCAMs. LRR proteins have been
implicated in synapse formation, maturation, maintenance, and plasticity (de Wit &
Ghosh, 2014; Ko & Kim, 2007). Only a few members of the LRR family have been
assessed for effects on social affiliation: NGL-2 (netrin-G ligand 2), SALM1 (synaptic
adhesion-like molecule), and LRRTM1 (LRR transmembrane neuronal 1).
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NGL-2 (encoded by Lrrc4) is implicated in postsynaptic organization and in
synapse formation, differentiation, and maintenance; is brain specific; and is expressed in
several regions including the cerebellum, cerebral cortex, occipital lobe, frontal lobe,
temporal lobe, and putamen, with localization specifically to the postsynaptic side of
excitatory synapses (Zhang et al., 2005). NGL-2 binds transsynaptically to netrin-G2 and
intracellularly to PSD-95 and is involved in the recruitment of NMDARs (S. Kim et al.,
2006). Knockout of Lrrc4 led to a decrease in social affiliation, with knockouts
demonstrating decreased frequency and amplitude of mEPSCs, AMPA receptor– and
NMDAR-related synaptic activity, and long-term potentiation in the hippocampus (Um et
al., 2018). Treatment of the mice with an NMDAR agonist, D-cycloserine, recovered
social affiliative behavior (Um et al., 2018), similar to the findings
for Pcdh10 haploinsufficient mice noted above (Schoch et al., 2017).
SALM1 (encoded by Lrfn2) has been implicated in synapse development and
differentiation, along with recruitment of NMDARs (Ko et al., 2006; C.-Y. Wang et al.,
2006). It is found on the postsynaptic side of excitatory synapses throughout the brain
and binds intracellularly to scaffolding proteins PSD-95, SAP97 (synapse-associated
protein 97), and SAP102 (Ko et al., 2006; C.-Y. Wang et al., 2006). Knockout
of Lrfn2 led to a decrease and to no change in social affiliation in separate studies (Li et
al., 2018; Morimura et al., 2017). The decrease in social investigation and interaction in
the Lrfn2 mutant mice was paired with fewer, more irregular dendritic spines, decreased
mEPSC frequency, and an increase in silent synapses in the hippocampus (Morimura et
al., 2017).

25

Finally, LRRTM1 (encoded by Lrrtm1) resides on the postsynaptic side of
excitatory synapses throughout the brain, binds transsynaptically to α- and β-neurexins,
and is involved in both pre- and postsynaptic differentiation (Laurén et al., 2003; Linhoff
et al., 2009; Siddiqui et al., 2010). However, knockout of Lrrtm1 reportedly had no effect
on social affiliation (Takashima et al., 2011). From this subsample of LRR proteins,
NGL-2 and SALM1 have been implicated in social affiliation, perhaps in part through
changes in glutamatergic transmission in the hippocampus, although region-specific
knockout and rescue will be needed to test the role of specific circuits.
sCAM-Associated Scaffolding Proteins
Shanks
The Shank family of proteins is broadly implicated in synapse formation,
maturation, function, and plasticity (Grabrucker et al., 2011; Sala et al., 2001). They
localize to postsynaptic sites of excitatory synapses throughout the brain and act as
scaffolds to bring together a variety of proteins necessary for synapse formation,
maturation, and function (Grabrucker et al., 2011; Naisbitt et al., 1999; Sala et al., 2001).
Shanks are able to form homomultimers, in addition to binding to discs large-associated
proteins (DLGAPs), Homer family proteins, and cortactin (Naisbitt et al., 1999; Tu et al.,
1999). Through these binding partners, Shanks indirectly interact with NMDA receptors
and metabotropic glutamate receptors, while Shank3 can directly bind to these receptors
(Naisbitt et al., 1999; Tu et al., 1999). Through interactions with PSD-95 and GKAP,
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Shanks link into postsynaptic scaffolds that encompass several sCAMs (Boeckers et al.,
1999; Naisbitt et al., 2018).
Knockout of Shank2 via exons 6-7 consistently led to decreased social affiliation
in mice in several studies (Chung et al., 2019; E. J. Lee et al., 2015; Lim et al., 2017;
Won et al., 2012). Additionally, knockout of Shank2 exon 7 led to no change in social
affiliation and a decrease in spine number in hippocampal CA1 (Schmeisser et al., 2012).
However, in one study, Shank2 knockout mice only demonstrated reduced social
preference compared to wild-type when exposed to social isolation (Ey et al., 2018). In
some cases, decreased social affiliation was accompanied by impaired LTP and decreased
NMDAR transmission at hippocampal Schaffer collateral-CA1 pyramidal synapses (Lee
et al., 2015; Won et al., 2012). Another study showed an age-dependent change in
direction of neurotransmission abnormality in the Shank2-/- mice, with young mice (P14)
having enhanced NMDAR transmission in the hippocampus and mPFC, and older mice
(P21-27) having decreased NMDAR transmission in these areas (Chung et al., 2019).
Treatment of young mice (P7-P21) with memantine, a NMDA receptor antagonist,
improved social affiliative behavior (Chung et al., 2019). In older mice (2-5 months old),
social affiliative behavior was restored via enhancement of NMDA receptor-mediated
transmission with D-cycloserine or with 3-cyano-N-(1,3-diphenyl-1H-pyrazol-5yl)benzamide (CDPPB) (Chung et al., 2019; Won et al., 2012). Another study found that
social affiliative behavior could be restored in 2-4 month old Shank2 mutant mice with
the application of clioquinol, a zinc chelator, likely through its enhancement of NMDA
receptor activity (Lee et al., 2015). Knockdown of Shank2 in excitatory neurons reduced
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social affiliation and also resulted in decreased frequency of mEPSCs in hippocampal
CA1 pyramidal neurons; conversely conditional knockout in inhibitory neurons did not
affect social affiliation (Kim et al., 2018). Finally, restricting knockout of Shank2 to the
cerebellum alone had no effect on social affiliation (Ha et al., 2016).
Shank3 mutant models vary by which exons are targeted. The expression of
Shank3 isoforms and behavioral effects vary according to which exon(s) is targeted;
therefore, we will specify the exons targeted in each model (Wang et al., 2014). Multiple
Shank3 models showed decreased social affiliation, including global knockout via exons
4-9 (Jaramillo et al., 2016; Wang et al., 2011), exons 13-16 (Peça et al., 2011), exon 11
(Vicidomini et al., 2017), and exon 13 (Jaramillo et al., 2017); regional knockout in the
ACC (Guo et al., 2019); downregulation in the VTA (Bariselli et al., 2016); and knockin
of deleterious alleles previously associated with autism and schizophrenia (Zhou et al.,
2016). The neurotransmission findings are detailed below. The behavioral changes in the
exon 4-9 knockout mice were accompanied by decreased striatal NMDAR function in
one study and by decreased AMPAR function and mEPSC amplitude and increased
mEPSC frequency in the hippocampus in the other study (Bozdagi et al., 2010; Jaramillo
et al., 2016). Additionally, there were irregularities in both spine number and density in
the hippocampus, though the direction of irregularity intriguingly changed over
development (Wang et al., 2011). In the Shank3 exon 13-16 model, there was an increase
in dendritic complexity and a decrease in spine density in addition to changes in
transmission (i.e. decrease in frequency and amplitude of AMPAR-mEPSCs) in
dorsolateral striatal MSNs (Peça et al., 2011). In Shank3 exon 11 knockout mice, social
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affiliation was rescued by an mGlu5 positive allosteric modulator (CDPPB) (Vicidomini
et al., 2017). Both homozygous and heterozygous deletion of Shank3 exon 13 led to
impaired NMDA receptor-mediated LTP in the hippocampus and decreased
NMDA/AMPA ratio in dorsal striatal MSNs (Jaramillo et al., 2017). Conditional,
regional-specific deletion of Shank3 exons 13-16 in the anterior cingulate cortex (ACC)
led to decreased dendrite arbor complexity, spine density, and AMPAR-mediated
transmission in the ACC (Guo et al., 2019). Social affiliation was rescued via restoration
of Shank3 expression in the ACC, optogenetic activation of the ACC, or with the
treatment of the region with an AMPAR-positive allosteric modulator, CX546 (Guo et
al., 2019). Downregulation of Shank3 in the VTA, via targeting of exon 21, led to higher
AMPA/NMDA ratio, decreased bursting rate in dopaminergic neurons, and increased
bursting rate in GABAergic neurons in the VTA (Bariselli et al., 2016). Knockin of
deleterious Shank3 variants previously associated with ASD and schizophrenia,
InsG3680 and R1117X respectively, each led to decreased social affiliation (Zhou et al.,
2016). The InsG3680 mice showed age-dependent changes in neurotransmission, with
young mice (P14) demonstrating an increase in mEPSC amplitude in the dorsolateral
striatum (Zhou et al., 2016). However, both IndG3680 and R1117X adult mice showed
decreased mEPSC frequency and amplitude as well as decreased NMDA
receptormediated transmission in the dorsolateral striatum (Zhou et al., 2016). R1117X
mice alone exhibited decreased mEPSC frequency in the mPFC (Zhou et al., 2016).
Despite these extensive positive data, some Shank3 models did not exhibit any
effect on social affiliation, or showed inconsistent effects between studies. Global
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deletion of Shank3 exons 13-16 decreased social affiliation, with variation in the
manifestation depending on sex in one study (Balaan et al., 2019); in others, no such
change was reported (Fourie et al., 2018; Rendall et al., 2019). Global and GABAergic
deletion of Shank3 exons 14-16 led to no change in the three-chamber task but increased
social affiliation in a direct social interaction test (T. Yoo et al., 2018). Both of these
models showed decreased mEPSC frequency and amplitude but no change in mIPSCs in
the dorsolateral striatum (T. Yoo et al., 2018). Homozygous and heterozygous knockin of
a deleterious variant in Shank3 exon 21 lacked a social preference, but these mutants
were not different from wild-type mice, which also failed to demonstrate a social
preference in this report (Speed et al., 2015). Knockout of Shank3 exon 21 had mixed
results, with either a decrease or no change in social affiliation (Duffney et al., 2015;
Kouser et al., 2013; Ma et al., 2018; Qin et al., 2019). Two studies showing reduced
social affiliation also demonstrated a reduction in NMDAR-mediated EPSCs in the PFC
(Duffney et al., 2015; Ma et al., 2018). Another study demonstrated that both behavior
and decreased NMDAR-mediated neurotransmission were rescued by chemogenic
activation of PFC pyramidal neurons (Qin et al., 2019). Conditional deletion of Shank3
exons 4-22 with regional and cell-type specificity; knockout of Shank3 exon 9 alone, of
exons 11- 21, and of exons 13-16; and knockin of an ASD-associated deleterious variant
in exon 8, Q321R, and in exon 17, S685I, caused no change in social affiliation (Bey et
al., 2018; Lee et al., 2015; Peça et al., 2011; Song et al., 2019; Wang et al., 2019; Yoo et
al., 2019). Presumably, at least some of the variability in the results from these many
models is due to remaining expression of truncated Shank3 proteins in addition to
differences in the isoform affected.
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In sum, there is strong convergent evidence that Shank2 impacts social affiliation
via NMDA receptor-mediated activity. While there is some variation for Shank3 (likely
due to the many different mutational models used), overall evidence points towards its
involvement in social affiliation and glutamatergic transmission. Additionally,
conditional, region-specific knockout of Shank3 implicates the VTA and ACC in social
affiliation (Bariselli et al., 2016; Guo et al., 2019), while region-specific treatment with
MC-275 and chemogenetics implicate the PFC (Ma et al., 2018; Qin et al., 2019).
Changes in spines in a subset of social affiliation-associated regions (i.e. ACC and
hippocampus) have also been shown (Guo et al., 2019; X. Wang et al., 2011).
Other Scaffolding Proteins
In addition to Shanks, several other postsynaptic scaffolding proteins, including
synaptic scaffolding molecule (S-SCAM aka MAGI-2), postsynaptic density protein 95
(PSD-95 aka DLG4), postsynaptic density protein 93 (PSD-93 aka DLG2), and discs
large-associated protein 2 (DLGAP2 aka GKAP/SAPAP2), have been explored in
relation to social affiliation. S-SCAM regulates synaptic organization and maintenance,
in part through the recruitment of AMPA receptors (Danielson et al., 2012; Woo et al.,
2013). S-SCAM is found in the postsynaptic compartment at excitatory and inhibitory
synapses throughout the brain, though with some variation in regional expression
between the full-length S-SCAM protein and two shorter isoforms (Deng et al., 2006;
Hirao et al., 1998; Sumita et al., 2007). It interacts with many partners, including PSD95, SAPAP, dystroglycan, neuroligin 1, neuroligin 2, NMDA receptors, and
transmembrane AMPA receptor regulating proteins (Deng et al., 2006; Hirao et al., 1998,
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2002; Sumita et al., 2007). Duplication of Magi2 led to a decrease in social affiliation as
well as to a decrease in spine density in the hippocampus (Zhang et al., 2015).
Additionally, there were sex-specific changes in transmission, including an increase in
AMPAR-mediated synaptic transmission in the stratum radiatum of the hippocampus
(greater in male than female mice) and decreased LTP in the hippocampus in male, but
not in female, mice (Zhang et al., 2015).
PSD-95 is implicated in synapse formation, maturation, and plasticity, in part
through affecting glutamatergic transmission via interaction with NMDA receptors,
AMPA receptors, and metabotropic glutamatergic receptors (Beique et al., 2006; Ehrlich
et al., 2007; El-Husseini et al., 2000; Tu et al., 1999). PSD-95 also supports spine
maturation and formation (El-Husseini et al., 2000). PSD-95 is found at the postsynaptic
density of excitatory synapses throughout the brain (Cho et al., 1992; Hunt et al., 1996),
where it has many binding partners, including DLGAP1-4, neuroligins, NMDA receptors,
inward-rectifying potassium channels Kir 2.1 and 2.3, and G-protein-coupled Receptor
30 (Akama et al., 2013; Chetkovich et al., 2002; Cohen et al., 1996; Irie et al., 1997; E.
Kim et al., 1997; Kornau et al., 2007; Takeuchi et al., 1997). Both heterozygous and
homozygous deletion of Dlg4 increased social affiliation (Feyder et al., 2010; Winkler et
al., 2018).
PSD-93 (Dlg2) is present in postsynaptic compartments of both excitatory and
inhibitory synapses throughout the brain (Kim et al., 1996). It binds to PSD-95, K+
channels, NMDA receptors, and the NR2 NMDA receptor subunit to regulates synapse
stability and maintenance via clustering of NMDA receptors and K+ channels (Kim et al.,
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1996; Parker et al., 2004; Sun & Turrigiano, 2011). Homozygous, but not heterozygous,
deletion of Dlg2 was reported to increase social affiliation (Winkler et al., 2018).
DLGAP2 (Dlgap2) is localized to excitatory postsynaptic sites in the neocortex,
hippocampus, olfactory bulb, and striatum (Takeuchi et al., 1997; Welch et al., 2004),
where it binds to PSD-95, SAP97, SAP102, and Shanks (Naisbitt et al., 1999; Takeuchi
et al., 1997). Similar behaviorally, knockout of Dlgap2 increased social affiliation, which
was accompanied by a decrease in spine density and a decrease in AMPAR-mediated
mEPSC amplitude in a sub-region of the mPFC, the orbitofrontal cortex (Jiang-Xie et al.,
2014).
The postsynaptic scaffolding proteins discussed above, all closely tied to
glutamatergic transmission and synapse organization, seem to be involved in the
regulation of social affiliation. More work is necessary to better understand the sCAM
interaction network and the mechanisms by which a subset of scaffolding proteins
increases social affiliation, in contrast to the decrease in this behavior seen with other
scaffolding proteins and most sCAMs (Table A-2). Studies of Dlgap2 have specifically
implicated orbitofrontal cortex spine density in the regulation of social affiliation (JiangXie et al., 2014), while studies of Magi2 implicated decreases in spine density in the
hippocampus (Zhang et al., 2015).
Proposed Mechanistic Model
We propose that sCAMs affect social affiliation behavior via one or more of the
following mechanisms: altered specificity during synaptogenesis, disrupted synaptic
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maturation, and/or altered synaptic pruning. According to our model, the net effect of
these mechanisms is alteration in excitatory/inhibitory balance in circuits relevant to
social affiliative behaviors (circuits including the mPFC, BLA, VTA, ACC, and
hippocampus) (see Figure 1-3).
With a single exception (noted below), the following evidence for disrupted
synaptic specificity, maturation, and pruning was accompanied by a decrease in social
affiliation. Evidence of altered synaptic specificity includes abnormal axon projections,
which is seen in the hippocampus of a Negr1 model (Singh et al., 2018), and abnormal
dendritic arborization, which is seen in the ACC and in the striatum of Shank3 models
(Guo et al., 2019; Peça et al., 2011). Evidence of disrupted synaptic maturation includes
abnormal active zones, vesicle pools, neurotransmitter receptor density, postsynaptic
density scaffold, synaptic strength, and spine morphology. Abnormal vesicle pools were
seen in a transgenic overexpression model of Nlgn2 (Hines et al., 2008). Stabilization of
actin was able to rescue social affiliation deficits and accompanying decreased NMDAR
transmission in a Shank3 model, suggesting that compromised actin in postsynaptic
density scaffolding contributed to the decrease in social affiliation (109). Immature spine
morphology was seen in the BLA in a Pcdh10 haploinsufficient model (Schoch et al.,
2017), in the hippocampus in a knockout of Lrfn2 (Morimura et al., 2017), and in the
ACC with a conditional knockout of Shank3 in the same brain region (Guo et al., 2019).
A higher number of immature excitatory synapses was demonstrated in the hippocampus
in a Lrfn2 model (Morimura et al., 2017).
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Evidence of altered synaptic pruning includes altered microglial function, altered
arbor maturation, and abnormal density of circuit constructs. Change in density of circuit
constructs is seen in Nlgn2 models. Specifically, overexpression of Nlgn2 during early
development led to a decrease in the ratio of asymmetric to symmetric synapses, and
mPFC-specific knockout of Nlgn2 led to decrease in GAD65 (glutamic acid
decarboxylase 65-kDa isoform)-positive synapse density (Hines et al., 2008; Liang et al.,
2015). Change in spine density/number, which could indicate either altered synaptic
maturation or synaptic pruning, was seen in Pcdh10 (Schoch et al., 2017), Negr1
(Szczurkowska et al., 2018), Lrfn2 (Morimura et al., 2017), Shank2 (Schmeisser et al.,
2012), Shank3 (Guo et al., 2019; Peça et al., 2011; Y. Zhou et al., 2016), Magi2 (SSCAM) (N. Zhang et al., 2015), and Dlgap2 (PSD-95) (Jiang-Xie et al., 2014) models.
The Pcdh10 model is unique among the other studies in demonstrating an increase in
spine density in the BLA (though the spines are also more immature and as such are
likely less functional) (Schoch et al., 2017). Models of Negr1, Shank2, Lrfn2, and Magi2
demonstrated a decrease of spine density/number in the hippocampus (Morimura et al.,
2017; Schmeisser et al., 2012; Szczurkowska et al., 2018; Zhang et al., 2015). There was
also a decrease in spine density in the orbitofrontal cortex/mPFC in a Dlgap2 model
(though in this case, there was an increase, not a decrease, in social affiliation) (Jiang-Xie
et al., 2014). Shank3 models showed a decrease in spine density in the ACC and striatum
(Guo et al., 2019; Peça et al., 2011; Y. Zhou et al., 2016).
Alterations in excitatory/inhibitory balance has been a prominent hypothesis for
the neurobiology of autism for decades (Lee et al., 2017; Rubenstein & Merzenich,
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2003); however, mechanisms by which alterations in ASD genes might lead to these
excitatory/inhibitory imbalances in specific circuits, which in turn lead to behavioral
phenotypes, remain largely unclear. Moreover, there appears to be heterogeneity of such
imbalances (some evidence for excess of excitation and some for excess of inhibition)
and their interpretation (Antoine et al., 2019; Fatemi et al., 2002; Nelson & Valakh,
2015), which may be related to the large number of genes involved in varying pathways
in ASD. While there is mixed evidence cited above, the majority of the studies we
reviewed point to a decrease in excitation in relation to inhibition, leading to decreased
social affiliation. Several studies demonstrated decreased excitatory transmission,
including Nrxn2 in the somatosensory cortex (Born et al., 2015), Lrrc4 in the
hippocampus (Um et al., 2018), Shank2 in the hippocampus (Kim et al., 2018;
Schmeisser et al., 2012), and Shank3 in the striatum, ACC, and VTA (Guo et al., 2019;
Peça et al., 2011; Zhou et al., 2016). In a Shank3 model, the pattern of
excitation/inhibition depended on region, with decreased excitation and increased
inhibition in the hippocampus and decreased inhibition in the mPFC (Lee et al., 2015).
Additionally, two studies demonstrated a decrease in inhibition, specifically in the mPFC
in an mPFC-specific knockout of Nlgn2 (Liang et al., 2015) and in the hippocampus in a
global knockout of Negr1 (Singh et al., 2019). Several studies across models and regions
demonstrated impaired glutamatergic transmission. Impaired glutamatergic transmission
was seen in an Nrxn2 model in the somatosensory cortex (Born et al., 2015), in a Lrrc4
model in the hippocampus (Um et al., 2018), in Shank2 models in the hippocampus (Lee
et al., 2015; Won et al., 2012), and in Shank3 models in the striatum, hippocampus, and
PFC (Jaramillo et al., 2016, 2017; Ma et al., 2018; Qin et al., 2019). Interestingly, an age
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effect was found in Shank2 mice, such that there was an increase in glutamatergic
transmission in the hippocampus at P14 and a decrease at P24 (Chung et al., 2019). In
sum, these findings point to a general pattern of decreased excitation and glutamatergic
transmission associated with decreased social affiliation, though there is variation related
to model, age, and brain region studied.
In terms of defining the social affiliation circuit that may be affected by sCAMs,
this review finds strong evidence implicating several brain regions, including the mPFC,
BLA, striatum, ACC, and hippocampus. Hippocampus phenotypes have been associated
with decreased social affiliation, including altered synaptic specificity in Negr1 models
(Singh et al., 2018), altered synaptic maturation in Lrfn2 models (Siddiqui et al., 2010),
and finally, changes in spine density/number that could indicate either altered synaptic
maturation or pruning in Lrfn2, Shank2, Shank3, and Magi2 models (Schmeisser et al.,
2012; Siddiqui et al., 2010; Wang et al., 2011; Zhang et al., 2015). There is altered
synaptic specificity, synaptic maturation, and decreased spine density in Shank3 models
in the ACC (Guo et al., 2019). Also in Shank3 mice, altered synaptic specificity and
change in spine density were found in the striatum (Peça et al., 2011; Y. Zhou et al.,
2016). There is evidence of altered synapse maturation based on an increase in spine
density and in immature spines in the BLA of Pcdh10 haploinsufficient mice (Schoch et
al., 2017). Additionally, conditional regional knockdowns and knockouts of sCAMs
decreased social affiliation, including conditional knockdowns/knockouts of Shank3,
Nlgn2, and Nlgn3 in the VTA, ACC, and mPFC (Bariselli et al., 2016, 2018; Guo et al.,
2019; Liang et al., 2015).
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Discussion
The overall patterns that we observed in the literature suggest that
mutation/dysfunction of sCAM genes alters synaptic maturation, specificity, and pruning
and leads to excitatory/inhibitory imbalance in several relevant brain regions, including
the mPFC, BLA, VTA, and hippocampus. Moving forward, there is a need for studies of
sCAM gene knockouts on additional genetic backgrounds, as well as a need for more
comprehensive studies of mutations in the various sCAMs. Many published studies have
used global knockouts. While this is a useful starting point, region-specific and cell type–
specific knockouts as well as conditional knockouts at specific developmental time points
are needed to provide meaningful information on the role of sCAMs in specific parts of
social motivation/approach circuitry across development. Proteomic studies focused on
the role of sCAMs in various brain regions during social affiliation behavior could also
provide insight into the circuitry underlying the behavior. Another important area of
future investigation is mechanisms of rescue of social affiliative behaviors. Future studies
should determine whether restoration of function at particular developmental time points
or in specific parts of neural circuitry are sufficient to rescue social affiliation.
There are also still fundamental gaps in our knowledge base on sCAMs. For some
sCAMs, key pieces of basic information (i.e., binding partners, localization within the
brain, or localization within the synapse) are still lacking. Advancing our understanding
of how each sCAM interacts with glutamatergic receptors and affects spine density,
number, and morphology promises to provide greater insight into the mechanisms
underlying social affiliation. An additional challenge is studying the role in social
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affiliation of the many sCAM protein isoforms, with differing binding strengths and
specificities, as well as the role of specific binding domains in each protein. By
addressing these gaps in our knowledge, we, as a field, can gain greater insight into
synaptic and circuit mechanisms of social affiliation, its disruption in
neurodevelopmental and neuropsychiatric disorders, and potential targets for rescue.
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Figures

Figure 1- 1. The sCAM interaction network in the excitatory synapse.
This figure shows the location of sCAMs discussed in the review within the excitatory synapse as
well as their binding partners. CSTN2 is a member of the cadherin superfamily and resides on the
postsynaptic side of both inhibitory and excitatory synapses. CHL1, a member of the IG
superfamily, resides on the presynaptic membrane and is involved in heterophilic binding, though
its specific binding partners are unknown. DLGAP2 is primarily expressed in the postsynaptic
side of excitatory synapses, binds DLG and SHANK proteins, and may have a role in enrichment
of PSD-95 at the plasma membrane. LRRTM1 resides on the postsynaptic side of excitatory
synapses and binds transsynaptically to neurexins. NGL-2 is a member of the leucine-rich repeat
protein, exists on the postsynaptic side of excitatory synapses, and binds to both netrin-G2 and
PSD-95. NEGR1 is a member of the IG superfamily and its location on pre- and postsynaptic
membranes is dependent on development. The neurexin family (shown here are NRXN1 and
NRXN2) are predominantly presynaptic organizers of the synapse with thousands of isoforms and
multiple binding partners. NLGN1 resides on the postsynaptic side of excitatory synapses and
binds with neurexins and the scaffolding proteins PSD-95 and S-SCAM. NLGN3 is on the
postsynaptic side of both excitatory and inhibitory synapses and binds transsynaptically to
neurexins. PSD-93 is expressed in postsynaptic neurons in excitatory and inhibitory synapses and
serves as a scaffolding protein, binding PSD-95, K+ channels, and NMDARs. PSD-95 is
expressed in postsynaptic neurons in the excitatory synapses and serves as a scaffolding protein,
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binding many other sCAMs in addition to NMDARs. PCDH10, a cadherin-like protein, is a
postsynaptic protein that engages in both homophilic and heterophilic binding. The SHANK
family (shown here, SHANK2 and SHANK3) are scaffolding proteins in postsynaptic neurons of
excitatory synapses and bind to many synapse proteins as well as to glutamatergic receptors
directly and indirectly. SALM1 is a postsynaptic molecule in the leucine-rich repeat protein
family that exists both in excitatory and inhibitory synapses and binds PSD-95. SynCAM1, a
member of the IG superfamily, is present on both the pre- and postsynaptic sides and is involved
in homophilic as well as heterophilic binding. S-SCAM resides in the postsynaptic neuron in
excitatory and inhibitory synapses and connects to glutamatergic receptors (NMDA and AMPA
receptors) as well as to other synaptic proteins. CHL1, close homologue of L1; CSTN2,
calsyntenin-2; DLGAP2, disks large-associated protein 2; IG, immunoglobulin; LRRTM1,
leucine-rich repeat transmembrane neuronal 1; NEGR1, neural growth regulator 1; NLGN,
neuroligin; NGL-2, netrin-G ligand 2; NMDAR, NMDA receptor; NRXN, neurexin; PCDH10;
protocadherin 10; PSD-95, postsynaptic density protein 95; S-SCAM, synaptic scaffolding
molecule; SALM1, synaptic adhesion-like molecule 1; sCAM, synaptic cell adhesion molecule;
SHANK, SH3 and multiple ankyrin repeat domains protein; SynCAM1, synaptic cell adhesion
molecule 1.
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Figure 1- 2. The sCAM interaction network in the inhibitory synapse.
This figure shows the location of sCAMs discussed in the review within the inhibitory synapse as
well as their binding partners. The sCAMs shown are the following. CSTN2 is a member of the
cadherin superfamily and resides on the postsynaptic side of both inhibitory and excitatory
synapses. CHL1, a member of the immunoglobin superfamily, resides on the presynaptic
membrane and is involved in heterophilic binding with multiple identified partners. The neurexin
family (shown here are NRXN1 and NRXN2) are predominantly presynaptic organizers of the
synapse with thousands of isoforms and multiple binding partners. NLGN2 is on the postsynaptic
side of inhibitory synapses and binds with neurexins as well as with the scaffolding protein, SSCAM. NLGN3 is on the postsynaptic side of both excitatory and inhibitory synapses and binds
transsynaptically to neurexins. NLGN4 is on the postsynaptic side of inhibitory synapses and
binds transsynaptically to neurexins. SALM1 is a postsynaptic molecule in the leucine-rich repeat
protein family that is present in both excitatory and inhibitory synapses. SynCAM1, a member of
the IG superfamily, is present on both the pre- and postsynaptic sides and is involved in
homophilic as well as heterophilic binding. S-SCAM is a scaffolding protein in the postsynaptic
neuron in excitatory and inhibitory synapses and interacts with select glutamatergic receptors
(NMDA and AMPA receptors) as well as with other synaptic proteins. CHL1, close homologue
of L1; CSTN2, calsyntenin-2; IG, immunoglobulin; NLGN, neuroligin; NRXN, neurexin; SSCAM, synaptic scaffolding molecule; SALM1, synaptic adhesion-like molecule 1; sCAM,
synaptic cell adhesion molecule; SynCAM1, synaptic cell adhesion molecule 1.
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Figure 1- 3. Proposed mechanistic model for the role of sCAMs in social affiliative
behaviors.
This figure shows our proposed model for how disruption of sCAMs could lead to disrupted
social affiliation, namely through altered synaptic specificity, synaptic pruning, and/or synaptic
maturation that disrupts the E/I balance of the circuit. E/I, excitatory/inhibitory; sCAM, synaptic
cell adhesion molecule.
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CHAPTER 2: Heritability of Quantitative Autism Spectrum Traits in
Adults: A Family-Based Study
This chapter has been published in the journal Autism Research, with modified
formatting.
Taylor, S. C., Steeman, S., Gehringer, B. N., Dow, H. C., Langer, A., Rawot, E., ... &
Brodkin, E. S. (2021). Heritability of quantitative autism spectrum traits in adults:
A family‐based study. Autism Research, 14(8), 1543-1553.

Introduction
Autism spectrum disorder (ASD) is a heterogeneous condition that is highly
heritable (Sandin et al., 2017; Tick et al., 2016; Xie et al., 2020). Most prior autism
genetic studies have used a dichotomous trait as the phenotype of interest (presence vs.
absence of ASD diagnosis). (Gaugler et al., 2014; Hallmayer et al., 2011; Sandin et al.,
2017; Xie et al., 2020). But, rather than being an all-or-nothing phenomenon, the autism
spectrum comprises a multi-dimensional set of quantitative behavioral traits. The core
defining domains of ASD in the Diagnostic and Statistical Manual of Mental Disorders,
5th edition (DSM-5) are social communication differences as well as restrictive interests
and repetitive behaviors (American Psychiatric Association, 2013). Social
communication differences in ASD include differences in social engagement and social
cognition and higher levels of social anxiety (Chevallier, Kohls, Troiani, Brodkin, &
Schultz, 2013; Maddox & White, 2015; Morrison et al., 2019; Spain, Sin, Linder,
McMahon, & Happé, 2018). ASD is also associated with executive functioning
differences (Hill, 2004). There is heterogeneity among autistic individuals in the degree
to which these various phenotypes are affected. There is a strong need for gene discovery
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studies using quantitative phenotypes, as this approach has increased power to detect
gene-phenotype associations and can more precisely determine the effects of gene
variants on specific phenotypes, including pleiotropic effects of genes.
The first step towards using quantitative phenotypes in autism genetics studies is
assessing the heritability of those phenotypes. Since autism spectrum behaviors are
expressed continuously at varying levels in individuals on and off the autism spectrum
(Constantino & Todd, 2003), assessing quantitative behavioral measures as traits in
heritability analyses (1) allows for the measurement of additive genetic contributions to
phenotypic variance in ASD (which studies of ASD diagnosis alone does not), (2)
provides a more accurate representation of behavioral variability in the general
population, and (3) can form the basis of gene discovery studies using quantitative
phenotypes. Previous studies of the heritability of quantitative ASD traits have been
limited. These have predominantly used twin study design rather than extended family
design; focused on child / adolescent probands, rather than adult autistic probands; or, in
some cases, have not been studied in an autism spectrum-relevant sample (Calkins et al.,
2010; Castelbaum, Sylvester, Zhang, Yu, & Constantino, 2020; Constantino & Todd,
2003; Frazier, Georgiades, Bishop, & Hardan, 2014; Greenwood et al., 2007; Hoekstra,
Bartels, Verweij, & Boomsma, 2019; Pohl et al., 2019; Stein et al., 2017; Warrier et al.,
2018). We are not aware of prior studies that measured the heritability of many autism
spectrum quantitative traits in the same sample of adults and therefore sought to do so in
this study.

65

Given the known heritability of ASD as a categorical phenotype (Sandin et al.,
2017; Tick et al., 2016; Xie et al., 2020), we expected many tested measures of
quantitative ASD traits to be heritable. Our sample differs from previous heritability
estimates of overall ASD traits in that we (1) focused exclusively on adults high in autism
spectrum traits and their family members, (2) were inclusive of more distant relatives
than in most previously reported samples using an extended family study design, and (3)
quantified the heritability of many quantitative traits across multiple behavioral domains
in a single sample. Relative to a twin study design, the use of an extended family design
in the present study provides the opportunity to see more variability in quantitative ASD
traits while allowing quantitative traits to be scaled with degree of relatedness.
Methods and Materials
Sample
One hundred fifty-eight adults high in autism spectrum traits were recruited for
the Autism Spectrum Program of Excellence at the University of Pennsylvania as
probands based on the following: 1) a detailed clinical and developmental history that
met DSM-5 criteria for ASD and 2) an intelligence quotient (IQ) above 70 measured by
the Shipley-2 (Shipley et al., 2009). Proband clinical and developmental history,
including information on social communication, repetitive behaviors, sensory sensitivities
and behaviors, psychiatric treatment and medical history, was collected during a phone
screen with a research coordinator. In order to determine eligibility, the potential
proband’s score on the Social Communication Questionnaire (SCQ) and phone screen
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were reviewed by the research coordinators and a psychiatrist (E.S.B.) specializing in
ASD and its presentations in adulthood. Potential probands were excluded based on: 1) a
history of intellectual disability, severe head trauma, or neurological disorder; 2) recent
(within the last 4 weeks) severe mood or psychotic symptoms; or 3) recent severe
aggressive or self-injurious behaviors. Additionally, 245 extended family members of
probands (148 first-degree relatives, 56 second-degree relatives, 17 third-degree relatives,
2 fourth-degree and above relatives, and 22 spouses of probands or their family members)
were recruited on the basis of their familial relationship with the proband. Among firstdegree relatives of probands, there were 5 adult-aged children, 108 parents, and 35
siblings. Family members with recent self-injurious behaviors, severe mood disorder
symptoms, or psychotic symptoms were excluded from the study. All study methods
were approved by the University of Pennsylvania Institutional Review Board, and
participants underwent an informed consent process prior to participation. Demographics
of the sample are reported in Table 2-1.
Measures
Participants completed an extensive battery of questionnaires and performance-based
cognition tasks, measuring multiple domains of autism spectrum-related behaviors. Study
data were collected and managed using Research Electronic Data Capture (REDCap)
tools hosted at the University of Pennsylvania (Harris et al., 2009, 2019). The
questionnaires were collected as self-report and/or informant-report depending on the
questionnaire. Informants were individuals who knew the participants well and included
relatives (parents, children, siblings), spouses, therapists, and close friends.
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Social Communication Questionnaire (SCQ). The SCQ was developed and
validated as an informant-report diagnostic tool for autism and pervasive developmental
disorder not otherwise specified for ages 4 years and above (Berument et al., 1999;
Chesnut et al., 2017; Sappok et al., 2015). In this study, the SCQ-Lifetime form, which
evaluates behavior over the course of lifetime development, was used.
Social Responsiveness Scale-2 for Adults (SRS-2A). Overall autistic behaviors
were measured using SRS-2A total score (Constantino et al., 2003). Inter-rater reliability
of the questionnaire ranged from moderate to high (0.75 – 0.91) (Constantino et al.,
2003). Social cognition was quantified using the Social Cognition subscale of the SRS2A, and restricted, repetitive behaviors were quantified using the Restricted Interests and
Repetitive Behavior subscale. Both self-report and informant-report versions of the
questionnaire were used in this study.
Autism Spectrum Quotient (AQ). The AQ is a self-report measure of overall
autistic behaviors and has five subscales: attention to detail, social skills, communication,
attention switching, and imagination (Baron-Cohen et al., 2001). It has good test-retest
reliability (r = 0.7) and internal consistency (Cronbach’s alpha = 0.72) (Baron-Cohen et
al., 2001; Ingersoll et al., 2011).
Broad Autism Phenotype Questionnaire (BAPQ). The BAPQ measures
behaviors associated with the broad autism phenotype, defined here as behaviors and
traits related to ASD genetic liability commonly seen in parents of ASD individuals
(Hurley et al., 2007; Piven & Sasson, 2014). The Aloof Personality subscale serves as an
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indicator for social motivation. Both the entire questionnaire and the Aloof subscale have
high internal consistency (Cronbach’s alpha = 0.94 – 0.95) (Hurley et al., 2007). The selfreport version of the BAPQ was used in this study.
Liebowitz Social Anxiety Scale (LSAS). Social anxiety severity was quantified
using the self-report LSAS (Fresco et al., 2001). Internal consistency was high in both
clinical and non-clinical populations (Cronbach’s alpha = 0.94 – 0.95) (Fresco et al.,
2001).
Behavior Rating Inventory of Executive Functioning-Adult (BRIEF-A). The
BRIEF-A assesses multiple domains of executive functioning, using self- and informantreporting (Gioia et al., 2000). It was shown to have high internal consistency (Cronbach’s
alpha = 0.80 – 0.98) and retest correlations (r = 0.86 – 0.91) (Gioia et al., 2000).
Aberrant Behavior Checklist (ABC). The ABC is an informant-report
questionnaire that assesses several categories of behaviors, including irritability,
agitation, and crying; lethargy, social withdrawal; stereotypic behavior; hyperactivity,
noncompliance; and inappropriate speech (Aman, Singh, & Stewart, 1985). Both testretest reliability (r = 0.96-0.98) and internal consistency (Cronbach’s alpha = 0.86-0.94)
of the subscales are high (Aman, 1985).
Penn Computerized Neurocognitive Battery (CNB). Part of the CNB, the
Emotion Recognition Test (ER40) is a task designed to test the ability to recognize
emotion expressions in faces (Gur et al., 2002). The task asks participants to select the
emotion of the faces shown for a choice of “angry”, “happy”, “no feeling”, “sad”, or
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“scared”. Emotion intensity shown varies between trials. The Penn Conditional Exclusion
Test (PCET) measures abstraction and mental flexibility (Kurtz et al., 2004). The PCET
asks participants to choose which of four objects does not belong based on either line
thickness, shape, or size. Participants get feedback on whether they chose correctly or
not, and after 10 trials choosing in line with the correct principle, the principle changes
until all 3 classification rules are identified. The Penn Matrix Reasoning Test (PMAT)
measures complex cognition (Gur et al., 2001, 2010). In the PMAT, participants are
shown an arrangement of patterns (matrices) and asked to choose the piece that would
complete the sequence. As a matrix reasoning task, the PMAT can be used as a measure
of fluid intelligence (i.e. a measure of the ability to solve problems in novel situations)
and as a proxy for IQ (Swagerman et al., 2016).
Group differences in quantitative traits
Following tests for normality (via Shapiro-Wilk test) and equal variance (via
Levene’s test), one-way Analysis of Variance (ANOVA) procedures were completed to
compare probands, first-degree relatives, and all other family members on each
quantitative trait. If variances were equal between groups for a particular trait and there
was a significant interaction, a Tukey HSD post-hoc analysis was completed. If variances
were not equal and there was a significant interaction, Welch’s two-sample t-tests were
conducted to compare group means.
Univariate and bivariate heritability
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To calculate heritability, SOLAR-Eclipse software (http://www. solar-eclipsegenetics.org) was used. SOLAR-Eclipse is designed to conduct variance component
analysis and related genetic computations in pedigrees of varying sizes (Almasy &
Blangero, 1998). Estimates of narrow-sense heritability in SOLAR-Eclipse were
calculated using polygenic linear mixed models. For all heritability analyses, age, sex,
and their interaction were incorporated as covariates. Each measure was normalized
before analyses were conducted using rank-based inverse normal transformation, which
has been shown to reduce Type I error and increase power for detecting genetic
associations (Auer et al., 2016; Beasley et al., 2009; McCaw et al., 2020). Additionally,
the kurtosis of each trait following normalization was evaluated to ensure that the results
were not affected by deviation of the trait distribution from the assumption of normality.
Bivariate heritability was calculated in the form of genetic correlation coefficients for
every possible pair of measures that were found to be heritable in the univariate analyses
within each collection method (i.e. Penn CNB, self-report, and informant-report).
Results
Group differences in quantitative traits
Examination of quantitative autism spectrum traits in probands and family
members showed continuous distributions of all traits across each group (see Figures 2-1,
2-2, and 2-3). We also found expected group differences between probands and family
members, with probands scoring higher on all self-report and informant-report metrics
(see Figures 2-1 and 2-2). Among CNB metrics, only ER40 correct responses differed
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between the probands and family members, with fewer correct responses among
probands as compared to first-degree family members, but no difference between the
probands and other family members (see Figure 2-3A). There were no significant
differences among probands and other family members in PMAT scores, a proxy
measure for intelligence (Figure 2-3B and 2-3E).
Univariate heritability
All tested ASD-related phenotypes, except PMAT correct response, PMAT
reaction time, and PCET accuracy, were found to be significantly heritable after adjusting
for covariates, namely sex, age, and the interaction of age and sex (see Figure 2-4).
Following normalization, each trait had a residual kurtosis within an acceptable range
(below 0.8, where zero is the kurtosis value for a normal distribution). Overall autistic
behavior measures had moderate heritability estimates ranging from 0.48 to 0.63.
Similarly, BAPQ total had a heritability of 0.46. Heritability of the social motivation
metric, BAPQ Aloof, was moderate at h2 = 0.43. The social anxiety measure, LSAS, was
one of the more heritable of the measures tested, with h2 = 0.57. Heritability of measures
of social cognition, including ER40 metrics and SRS-2A social cognition subscale scores,
was variable and ranged from 0.33 to 0.77. The heritability estimates of executive
functioning measures were generally in a lower range, with the exception of PCET
reaction time. Restricted interests and repetitive behavior measures had heritability
estimates ranging from 0.24 to 0.54.
Bivariate heritability
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All of the self-report measures were highly genetically correlated (see Figure 25A). Among the CNB measures, none of the traits were significantly genetically related
(see Figure 2-5B). For the informant-report measures, BRIEF-A total, SRS-2A total,
SRS-2A social cognition, and SRS-2A restricted interests and repetitive behavior
subscale were all highly genetically correlated, but ABC stereotypy was only related to
SRS-2A restricted interests and repetitive behavior subscale (rg = 0.90, p < 0.01; see
Figure 2-5C).
Discussion
We found all measures of overall ASD traits to be moderately heritable. Previous
estimates of informant-report SRS heritability differ among studies with varying
populations and methods, yet all indicate moderate to high heritability of the measure in
children and / or adolescents (Castelbaum et al., 2020; Constantino & Todd, 2003;
Frazier et al., 2015; Pohl et al., 2019). The h2 value for the AQ in the present study was
comparable in magnitude to that previously reported (57%) in a general population twin
sample in late adolescence (Hoekstra et al., 2007). Importantly, all of the previous studies
were in samples of children and / or adolescents and relied on twin heritability estimates
(which are inflated compared to estimates from extended family-design). The extended
family-design takes advantage of family structure to efficiently increase power to
estimate heritability and does not have the potential limitations to generalizability
inherent to the twin study design (Ronald & Hoekstra, 2011). Heritability estimates of the
broad autism phenotype have not been previously quantified to our knowledge, however
correlations of parent BAPQ scores with child SCQ scores have been performed to
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determine the relationship between broad autism phenotype features in parents and
prevalence of ASD traits in children (Sasson et al., 2013). In line with the implication that
the broad autism phenotype of family members may be related to the autism spectrum
phenotype in children, we found BAPQ scores to be moderately heritable.
Additionally, we found the core behavioral domains and their subdomains to be
heritable. For restricted, repetitive behaviors, we found the narrow-sense heritability of
SRS-2A restricted interests and repetitive behavior subscale to be moderate, with some
variability in self-report versus informant-report heritability. Heritability of informantreport SRS-2A restricted interests and repetitive behavior subscale in autistic children has
been previously calculated in a twin-study design, using group heritability derived from
an ACE model (h2g = 1.18) (Frazier et al., 2015). Within the social communication
domain, this study found moderate to high levels of heritability for social cognition,
depending on the metric, higher than estimates from previous work for either the SRS
social cognition subscale in a general population sample or for the ER-40 in a
schizophrenia sample (Calkins et al., 2013, 2010; Greenwood et al., 2007; Gur et al.,
2007; Warrier et al., 2018). Similarly, social anxiety had significant SNP-based
heritability in a prior general population sample (Stein et al., 2017), which is consistent
with our findings of moderate heritability of social anxiety in a sample rich with autism
spectrum traits. The present study was the first to quantify the heritability of a social
motivation metric related to autism. Given the argument that social motivation may be
central to the social traits of ASD (Chevallier, Kohls, Troiani, Brodkin, & Schultz, 2012),
the moderate heritability of social motivation in our sample, as well as its high level of
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shared heritability with other ASD- related traits measured, suggest that it could be a
useful quantitative trait to explore in future genetics studies.
Among executive functioning and cognition measures, we found the BRIEF-A to
be heritable in both its self-report and informant-report formats, though the self-report
measure seemed to be less heritable than the informant-report. For the CNB abstraction
and cognitive flexibility measures, the only heritable metric was PCET reaction time.
This finding is in partial contrast with previous work in schizophrenia samples that found
PCET accuracy and reaction time to be heritable as well as a previous study in a
population-based twin-family sample that found PMAT accuracy and reaction time to be
heritable (Calkins et al., 2010, 2013; Greenwood et al., 2007; Gur et al., 2007;
Swagerman et al., 2016).
We found strong genetic correlations among self-report measures and among
informant-report measures, suggesting that there is likely shared genetic contribution for
many of the self-report traits, as well as for many of the informant-report traits. Among
informant-report measures, it seems that stereotypy in particular may be dissociable from
other ASD traits. Two previous studies examining genetic relationships among ASD
traits, one in a child twin sample and one in a population-based sample, found social and
non-social traits to be largely dissociable with little shared genetic contribution (Ronald
et al., 2006; Ronald, Happé, & Plomin, 2005; Warrier et al., 2019). One previous study
found high genetic correlation between social and restricted, repetitive behaviors in a
child twin-sample (Frazier et al., 2015). Among CNB performance-based metrics, we
found few traits were significantly genetically correlated, in line with previous study in
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schizophrenia (Greenwood et al., 2007). Given the lack of shared heritability among
performance-based tasks found in this study, we propose that they may have different
underlying genetics and may reflect different aspects of the underlying biology of ASD.
Though additional studies are needed to confirm these results, our findings seem to
support the idea that it is valuable for clinicians to assess patients through multiple
modalities (performance-based tasks, self-report of patients, and informant report), in
order to get the most complete set of data on patients’ history and functioning. Our
findings would suggest that the genetic relationships among traits may depend on the
assessment method (self-report vs. informant-report vs. CNB), as well as trait-specificity.
For example, stereotypic behaviors -- but not restricted, repetitive behaviors in general -are dissociable from other autism spectrum traits.
Nearly all measures tested in the present study were found to be heritable and, as
such, could be good candidates for future genetic studies related to autism spectrum in
adulthood. This, in addition to the phenotypic heterogeneity in the sample, suggests that
these quantitative traits may be useful for identifying quantitative trait-specific genes,
which could help to elucidate the mechanisms of genetic heterogeneity in ASD, as well
as the mechanisms behind previously identified ASD loci. Heritability as calculated by
SOLAR-Eclipse means that the phenotypic correlations among the relatives in these
extended families decay with the degree of relationship, supporting an additive genetic
model (possibly polygenic) in which the same variants are affecting variation in these
quantitative traits in probands and family members. A previous case-control study of
heritability of ASD diagnosis suggests that the degree to which heritability is additive
76

may vary between simplex and multiplex families, which should be explored in future
studies of quantitative ASD traits (Klei et al., 2012). The heritability estimates among the
CNB measures would suggest that more power may be needed to determine the
suitability of abstraction and cognitive flexibility metrics as phenotypes for genetic
studies related to ASD, but that emotion recognition metrics would be good candidates
for study. Across our results, we found that there did not seem to be a consistent pattern
in the level of heritability of self-report and informant-report measures of the same
questionnaire. In some cases, self-report and informant-report versions of the same
questionnaire seemed similar in how heritable they were, while in others the heritability
seemed to vary between the self-report and the informant-report (i.e. self-report
heritability seemed higher or informant-report heritability seemed higher). Accordingly,
we recommend that future genetics studies in adults on the autism spectrum use both selfreport and informant-report measures, as they may be carrying unique sets of
information. Future studies could also examine whether heritabilities of the traits are
affected by the sex of the parent or by assortative mating.
In sum, this study quantified the heritability and the shared heritability of many
quantitative traits across multiple behavioral domains in a single sample of adults high in
autism spectrum traits and their family members, resulting in a list of phenotypes that are
promising for future genetic study. The traits with the highest heritabilities should be
prioritized for future study. Identifying a core set of heritable and co-heritable
dimensional autism spectrum phenotypes gives us insight into the genetic architecture of
ASD and will enhance power and interpretability of future gene localization studies.
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Tables

Enrolled (N)
Self-Report Measures (N)
Informant-Report
Measures (N)
Performance-Based
Measures, CNB (N)
Sex (% female)
Age (range, years)
Age (mean (SD), years)
Race (% American Indian /
Alaska Native)
Race (% Asian)
Race (% Black)
Race (% Multiracial)
Race (% White)
Race (% Other)

Probands
158
150

Family Members
245
230

108

190

129

168

45.5
18-78
35.1 (14.7)

60.3
18-87
48.9 (16.2)

0.6

0

3.2
3.9
5.2
77.3
1.9

3.4
3.9
3.4
86.2
1.7

Table 2- 1. Demographics of the sample for heritability analyses.
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Figures

Figure 2- 1. Self-report group comparisons in heritability sample.
All self-report metrics were higher in probands than in family members. (A) SRS-2A Total (B)
AQ Total (C) BAPQ Total (D) SRS-2A Social Cognition subscale (E) BAPQ Aloof Personality
subscale (F) LSAS (G) SRS-2A Restricted Interests and Repetitive Behavior subscale (H) BRIEF
Total Significant group differences with p-values passing Benjamini-Hochberg correction are
indicated with an asterisk.
SRS-2A = Social Responsiveness Scale-2 Adult, AQ = Autism Quotient, BAPQ = Broad Autism
Phenotype Questionnaire, BRIEF = Behavioral Rating Inventory for Executive Functioning
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Figure 2- 2. Informant-report group comparisons in heritability sample.
All informant-report metrics were higher in probands than in family members. (A) SRS-2A total
(B) SRS-2A Social Cognition subscale (C) BRIEF Total (D) SRS-2A Restricted Interests and
Repetitive Behavior subscale (E) ABC Stereotype subscale Significant group differences with pvalues passing Benjamini-Hochberg correction are indicated with an asterisk.
SRS-2A = Social Responsiveness Scale-2 Adult total score; BRIEF = Behavioral Rating
Inventory for Executive Functioning; ABC = Aberrant Behavior Checklist
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Figure 2- 3. Penn Computerized Neurocognitive Battery group comparisons in heritability
sample.
Of all Penn Computerized Neurocognitive Battery metrics, only ER40 correct responses differ
between groups. (A) ER40 correct responses (B) PMAT correct responses (C) PCET accuracy
score (D) ER40 reaction time (E) PMAT reaction time (F) PCET reaction time Significant group
differences with p-values passing Benjamini-Hochberg correction are indicated with an asterisk.
ER40 = Penn Emotion Recognition Test, PCET = Penn Conditional Exclusion Test, PMAT =
Penn Matrix Reasoning Test
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Figure 2- 4. Univariate heritability.
All tested ASD-related phenotypes were heritable, with the exceptions of PMAT correct
response, PMAT reaction time, and PCET accuracy. Heritability values controlled for age, sex,
and age*sex are plotted for each metric. Significant values surviving Benjamini-Hochberg
multiple testing correction are indicated with an asterisk, while non-significant values are
indicated with “NS”.
AQ = Autism Quotient total score, SRSsrTotal = self-report Social Responsiveness Scale total
score, SRSirTotal = informant-report Social Responsiveness Scale total score, BAPQ total =
Broad Autism Phenotype Questionnaire total, BAPQ aloof = Broad Autism Phenotype
Questionnaire aloof personality subscale, ER40CR = Penn Emotion Recognition Test correct
response, ER40RT = Penn Emotion Recognition Test reaction time, LSAS = Liebowitz Social
Anxiety Scale, SRSirCog = informant-report Social Responsiveness Scale Social Cognition
subscale score, SRSsrCog = self-report Social Responsiveness Scale Social Cognition subscale
score, ABC = Aberrant Behavior Checklist Stereotypy subscale, SRSirRRB = informant-report
Social Responsiveness Scale Restricted Interests and Repetitive Behavior subscale score,
SRSsrRRB = self-report Social Responsiveness Scale Restricted Interests and Repetitive
Behavior subscale score, BRIEFir = informant-report Behavioral Rating Inventory for Executive
Functioning global executive composite score, BRIEFsr = self-report Behavioral Rating
Inventory for Executive Functioning global executive composite score, PCETACC = Penn
Conditional Exclusion Test accuracy score, PCETRT = Penn Conditional Exclusion Test reaction
time, PMATCR = Penn Matrix Reasoning Test correct response, PMATRT = Penn Matrix
Reasoning Test reaction time
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Figure 2- 5. Bivariate heritability.
Most informant-report measures were positively genetically correlated with each other, and all
tested self-report metrics were highly positively genetically correlated with each other. (A)
Genetic correlation coefficient (RhoG) values for each pair of self-report metrics. (B) RhoG
values for each pair of CNB metrics. (C) RhoG values for each pair of informant-report metrics.
All RhoG values are controlled for age, sex, and age*sex. Significant values passing BenjaminiHochberg multiple testing correction are on a square with a color indicating the strength and
direction of the correlation, while non-significant values have a grey background.
ER40CR = Penn Emotion Recognition Test correct response, ER40RT = Penn Emotion
Recognition Test reaction time, PCETRT = Penn Conditional Exclusion Test reaction time, ABC
= Aberrant Behavior Checklist Stereotypy subscale, BRIEFir = informant-report Behavioral
Rating Inventory for Executive Functioning global executive composite score, SRSirCog =
informant-report Social Responsiveness Scale Social Cognition subscale score, SRSirRRB =
informant-report Social Responsiveness Scale Restricted Interests and Repetitive Behavior
subscale score, SRSirTotal = informant-report Social Responsiveness Scale total score, AQ =
Autism Quotient total score, BAPQ aloof = Broad Autism Phenotype Questionnaire aloof
personality subscale, BAPQ total = Broad Autism Phenotype Questionnaire total, BRIEFsr = selfreport Behavioral Rating Inventory for Executive Functioning global executive composite score,
SRSsrCog = self-report Social Responsiveness Scale Social Cognition subscale score, SRSsrRRB
= self-report Social Responsiveness Scale Restricted Interests and Repetitive Behavior subscale
score, LSAS = Liebowitz Social Anxiety Scale, SRSsrTotal = self-report Social Responsiveness
Scale total score
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CHAPTER 3: Contrasting Views of Adult Autism Spectrum Traits
Reflected by Self Reports vs. Informant Reports for Autistic Adults
Introduction
Autism spectrum disorder (ASD) can be thought of as a pattern of variation along
several behavioral domains. In addition to the core behavioral domains of ASD defined
by the Diagnostic and Statistical Manual of Mental Disorders Fifth Edition (DSM-5),
social communication and restricted / repetitive behaviors and interests (RRB) (American
Psychiatric Association, 2013), there are often differences in social motivation, social
anxiety, and executive functioning (Chevallier, Kohls, Troiani, Brodkin, & Schultz, 2013;
Johnston et al., 2019; Maddox & White, 2015; Morrison, Pinkham, et al., 2019; Spain et
al., 2018). There is also variability among autistic individuals in the levels of these
behaviors.
Variation in the expression of ASD-associated behaviors may be related to sex
and gender. Sex assigned at birth is based on biological and physiological factors in
prenatal development and at birth, while gender is socially and personally constructed.
This distinction is especially important to be clear about when discussing autism, given
the high gender diversity within the autistic population (e.g. George & Stokes, 2018).
Several reviews have found that autistic males express more RRB than autistic females
(Lai & Szatmari, 2020; Mandy & Skuse, 2008; Rubenstein et al., 2015; Van
Wijngaarden-Cremers et al., 2014; Werling & Geschwind, 2013). Additionally, Lai and
colleagues point out that autistic females show culturally-defined “female-gender-typical
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narrow interests”, higher attention to social cues and interest in friendships, and greater
linguistic abilities than autistic males, which can lead to delays in recognition and ASD
diagnosis in females (Lai & Szatmari, 2020). Also, there is quite a bit of evidence that
autistic females engage in more camouflaging (behaviors that would tend to conceal the
ASD diagnosis) than autistic males, both in childhood and adulthood (M. Dean et al.,
2017; Jorgenson et al., 2020; Lai et al., 2017; Schuck et al., 2019; Wood-Downie et al.,
2021). However, work has also shown that autistic males and nonbinary individuals also
engage in camouflaging (Hull et al., 2020; Lai et al., 2017). Variation in reported sex
differences may be partly attributable to variation among studies in the types of
assessments used (i.e. different questionnaires, teacher-report, parent-report, or clinical
interview) (Kaat et al., 2021; Mandy & Skuse, 2008; Ratto et al., 2018). Taken together,
previous evidence suggests that there are sex and gender differences in ASD phenotype,
which are also affected by camouflaging and possibly by assessment effects. This is an
important issue because a major question facing autism research is what might be the
most useful quantitative measures of ASD traits across sex and gender. Addressing this
issue is crucial for clinical assessment, quantitative genetics studies, and measurement of
treatment outcome.
In many fields (e.g. dementia, terminal illness, etc.), the difference between selfreporting and reporting on that individual as a proxy / informant has been well-studied
(Roydhouse et al., 2021). For example, in dementia the effect of informant relation and
other informant demographic information has been examined, with mixed findings (Fiske
et al., 2005; Galvin et al., 2005; Kemp et al., 2002). There has been some limited work
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looking at self-other agreement on ratings of executive function using the Brief Rating
Inventory for Executive Function (BRIEF) across age ranges in various populations.
These studies addressing executive functioning reporting in samples with ADHD,
traumatic brain injury, and mild cognitive impairment and their informants find overall
agreement with some discrepancy in certain domains (Donders & Strong, 2016; Rabin et
al., 2006; Wilson et al., 2011).
In the autism field, most work examining reporter differences have focused on
agreement between multiple informants for autistic individuals across the age range, but
especially for autistic children and youth (e.g. Stratis & Lecavalier, 2015). Among
autistic adults and their informants, there have been fewer studies looking at
discrepancies in self / other reporting. Sandercock and colleagues compared self-reports
of autistic adults vs. informant (caregiver)-report accounts of ASD traits, daily living
skills, and quality of life, finding good agreement for ASD traits, yet discrepancy in the
reports of daily living skills and quality of life (2020). Additionally, a study in young
adult autistic males compared interview, self-report, and parent-report measures and
found discrepancies in the following areas: “peer interaction problems”, “difficulties with
social cues”, and “narrow interest” (Cederlund et al., 2010). Further, there was poor selfparent agreement on executive functioning as measured by the BRIEF among autistic
adolescents (Kenworthy et al., 2021). In parents of autistic individuals, the spouses’
ratings of each other’s ASD traits were higher than their own self-reported ASD traits
(De la Marche et al., 2015; Möricke et al., 2016). Most previous work comparing parent
and child / adolescent reports of ASD traits and associated symptoms has focused
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primarily on males or has not shown sex effects (Johnson et al., 2009; Kalvin et al., 2020;
Kenworthy et al., 2021; Lerner et al., 2012; Schwartzman & Corbett, 2020).
Overall, previous work has been limited in its use of self-report measures, and in
examining self-report / informant-report agreement or discrepancy among adults on the
autism spectrum. Additionally, it has been limited in its exploration of how sex may
affect this agreement or discrepancy, despite the accumulation of evidence that ASD
traits may be expressed and / or viewed differentially on the basis of sex. Given the high
levels of camouflaging reported in females on the autism spectrum and the identified
differences in the ASD phenotype among females compared to males (Frazier et al.,
2014; M. C. Lai et al., 2017), we sought to test the hypothesis that there are greater selfreport / informant-report discrepancies in measures of autism-related traits for females on
the spectrum than for males. We further expected that higher levels of ASD traits would
be associated with greater self-report vs. informant-report discrepancies.
Method
Sample
We recruited 184 adults high in autism spectrum traits as probands and 310 of
their family members as part of the Autism Spectrum Program of Excellence (ASPE)
study at the University of Pennsylvania. Recruitment was conducted via several sources,
including study ads placed on social media and the radio, as well as from Philadelphiaarea mental health clinicians. The following inclusion criteria were set for probands: 1)
clinical and developmental history that documents meeting ASD criteria as defined by
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DSM-5 (American Psychiatric Association, 2013) and 2) Intelligence quotient (IQ) above
70, as estimated by the Shipley-2 (Western Psychological Services, 2009). To increase
the capacity of individuals to participate, clinical and developmental history was
collected via an extended (typically 1-2 hours) telephone interview, with detailed
information gathered on psychiatric history, social communication behavioral history
(e.g. eye contact, understanding nonliteral language and nonverbal social cues), RRB
history (e.g. strong interests, repetitive behaviors, routines), sensory behavioral history
(e.g. sensory hypersensitivity, hyper- or hypo-sensitivity to pain), treatment history,
medication history, and genetic testing. Additionally, questions on developmental history,
including details on pregnancy and child behavior development (e.g. mimicry of
behavior, eye contact, motor coordination, imaginative play) were asked of a parent,
caregiver, or other informant who knew the proband well as a child, when possible, and
of the proband when no informant was available. Because information was collected
remotely in many cases, and partially during the COVID-19 pandemic, the ADOS was
not conducted. This information was integrated with any prior clinical reports that
participants could provide, when available. Study procedures were reviewed and
approved by University of Pennsylvania institutional review board.
Information from the phone screen in combination with prior clinical records and
the Social Communication Questionnaire (see below) was reviewed in a case conference
including the research team and the principal investigator, a psychiatrist specializing in
adult ASD (E.S.B.), to determine if the potential proband met DSM-5 criteria for ASD
and therefore was eligible for enrollment. Because not all probands had a prior clinical
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diagnosis of ASD and gold-standard, in-person diagnostic assessments could not be
conducted, we refer to probands as “high in ASD traits” rather than as definitively having
ASD diagnoses. Exclusion criteria were: 1) history of intellectual disability, 2) recent
(last 4 weeks) severe mood or psychotic symptoms, 3) recent severe aggressive or selfinjurious behaviors, and 4) history of major neurological disorder (e.g. dementia, severe
head trauma, recent seizures). Family members were included on the basis of their
relationship to the probands and included first-, second-, third-, and fourth-degree
relatives. The exclusion criteria for family members were: 1) recent severe mood or
psychotic symptoms and 2) recent severe aggressive or self-injurious behaviors.
Additionally, only family members who did not report any psychiatric diagnoses,
neurological diagnoses, or neurodevelopmental disorders in the medical history battery
were included in analyses, n = 178. Sample demographics and sample size are reported in
Table 3-1.
Measures
The measures included a screening questionnaire - Social Communication
Questionnaire (SCQ) - as well as two additional questionnaires – Social Responsiveness
Scale-2 Adult (SRS-2A) and the BRIEF-Adult (BRIEF-A). The SCQ was collected as an
informant-report only, if a parent was available to complete it. The SRS-2A and BRIEFA were collected as both self-report (participant answering questions about themselves)
and informant-report (another person answering questions about the participant) versions.
For the informant-report versions of the SRS-2A and BRIEF-A, the informants varied in
their relationship to the probands and family members and included parents, siblings,
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offspring, therapists, friends, children, and spouses. The informant was selected in
collaboration with each participant based on who knew the participant the best, was
available, and was over 18. Among proband participants, the informants were comprised
of mostly their parents (n = 48), followed by spouses (n = 26), close friends (n = 10),
siblings (n = 8), someone that did not fit any of the indicated relationship categories (n =
8), children (2), and a therapist (n = 1). For family member participants, the informants
were comprised of mostly spouses (n = 56), followed by parents (n = 21), children (n =
10), siblings (n = 6), close friends (n = 2), and someone that did not fit any of the
indicated relationship categories (n = 2). Note that probands did not report on family
members, while family members included in the analysis may have provided an
informant report for other participants (participating as either a proband or family
member) in the study.
SCQ. The SCQ is an informant-report measure designed as a diagnostic tool for
autism and pervasive developmental disorder (Berument et al., 1999). The SCQ was
developed as a companion screening measure for the Autism Diagnostic Interview –
Revised (ADI-R). The SCQ items were deliberately chosen to match the ADI-R items
that were found to have discriminative diagnostic validity (Berument et al., 1999). A
meta-analysis of the use of the SCQ as a screening tool found that it had acceptable
accuracy for the identification of ASD (AUC = 0.827) (Chesnut et al., 2017).
SRS-2A. The SRS-2A is a 65-question measure, available as both informantreport and self-report. It is composed of five subscales measuring social cognition, social
communication, social motivation, RRB, and social awareness. The SRS has good
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agreement with the ADI-R across multiple symptom domains (r = 0.60-0.79) as well as
good inter-rater reliability (r = 0.75-0.91) (Constantino et al., 2003). In addition to being
used as a diagnostic tool, the SRS has been used to quantify autistic behaviors in the
general population (Constantino & Todd, 2003). In this study, it was collected as both a
self-report and informant-report measure.
BRIEF-A. The BRIEF-A is an 86-question measure of executive functioning that
was collected as a self-report and an informant-report. Executive functioning subdomains
measured in the BRIEF-A include the following abilities: inhibit, shift, emotional control,
initiate, working memory, plan/organize, organization of materials, and monitor. The
BRIEF has good reliability with an internal consistency of 0.80-0.98 across multiple
raters and with a test-retest reliability of 0.76-0.85 (Gioia et al., 2000).
Examining agreement and inter-rater reliability of self- and informant-report using
correlation analysis
Agreement was visualized using Bland-Altman plots and tested using 1)
Spearman correlation analysis for self- and informant-report versions of the same
questionnaire and 2) intra-class correlation (ICC) analysis. Spearman correlation
coefficients were used as the data had non-normal, varied distributions. Analyses were
conducted for probands and family members separately. The Benjamini-Hochberg
correction for multiple comparisons was used. Exploratory analyses comparing
correlation strengths were conducted using Fisher r-to-z transformation. ICC was used to
quantify inter-rater reliability between self- and informant-report. A one-way random
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effects model with absolute agreement as the output was run first to assess the validity of
a single score. For both ICC and the Spearman correlation analysis, raw scores were used
to test the relationship of the scores with sex and age without any possible obscuring via
T-score transformation.
Comparing discrepancy between groups using t-tests
Discrepancies between the self- and informant-reports were quantified by
subtracting the self-report score from the informant-report score. Positive discrepancy
scores indicate that the informant-report score was higher than the self-report score, while
negative discrepancy scores indicate that the self-report score was higher than the
informant-report score. Following tests for normality and for equal variance, two sample
student’s t-tests were used to compare the discrepancy scores for SRS-2A and BRIEF-A
between groups. When variances were not equal, the Welch two sample t-test was used.
Analyses were conducted for probands and family members separately, investigating first
the effect of the sex of the individual self-reporting and being reported on (referred to as
participant sex) and second the effect of the sex of the informant (referred to as informant
sex). Sex, as opposed to gender identity, was used as the variable of interest because it
was more comprehensively reported in our sample. The Benjamini-Hochberg correction
for multiple comparisons was used.
Examining discrepancy using hierarchical linear regression analysis
Hierarchical linear regression analysis was used iteratively to evaluate the impact
of different factors on the informant-report vs. self-report discrepancies for the SRS-2A
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and BRIEF-A in probands and their family members together. The following variables
were taken into consideration: age, sex, and proband status of the participant; the relation
of the informant to the participant; and the sex of the informant. When categorical
variables with more than two levels were significant predictors, post-hoc analyses via
comparison of least-square means with Tukey multiple comparison adjustment was
completed to help with interpretation of the findings.
Community involvement statement
There was no other community involvement in this work. We recognize the
importance of community involvement in the shaping of research priorities and design
and aim to work collaboratively with the autistic community in future studies.
Results
Examining agreement and inter-rater reliability of self- and informant-report
The mean difference between self-report and informant-report scores for probands
was -18.50 points with a standard deviation of 42.28, upper 95% confidence interval
value of 64.38, and lower 95% confidence interval value of -101.38 for the SRS-2A (see
Figure 3-1). For the BRIEF-A, the mean difference between self-report and informantreport scores for probands was -11.24 points with a standard deviation of 35.65, upper
95% confidence interval value of 58.64, and lower 95% confidence interval value of 81.13. Among probands, there was no significant association between the self-report and
informant-report total scores on the SRS-2A (self-report range 24-155, sd = 27.5;
informant-report range 14-160, sd = 35.4; r = 0.08, p > 0.05), nor was there a significant
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association between the self-report and informant-report scores on the BRIEF-A (selfreport range 83-194, sd = 22.5; informant-report range 74-195, sd = 28.7; r = 0.07, p >
0.05). This lack of significant correlation between self-report and informant-report
versions of the same measures suggests that there is a strong impact of who is reporting
for these domains, self vs. informant (see Figure 3-2). Additionally, among probands
there was poor inter-rater reliability between self-report and informant-report for the
SRS-2A (ICC = 0.01, 95% confidence interval (CI) [-0.19, 0.20] and for the BRIEF-A
(ICC = 0.00, 95% CI [-0.19, 0.20]). Neither the ICC coefficient for SRS-2A nor the ICC
coefficient for BRIEF-A was not significantly different from zero (F(97,98) = 1.01, p >
0.05; F(97,98) = 1.01, p > 0.05).
For family members, the mean difference between self-report and informantreport scores on the SRS-2A was 0.02, with a standard deviation of 26.76, upper 95%
confidence interval of 52.47, and lower 95% confidence interval of -52.42 (See Figure 31). Additionally, the mean difference between self-report and informant-report scores on
the BRIEF-A was -5.64, with a standard deviation of 27.47, upper 95% confidence
interval of 48.20, and lower 95% confidence interval of -59.48. In contrast to the findings
with the propants, for family members, there was a moderate association between the
self-report and informant-report total scores for the SRS-2A (self-report range 3-89, sd =
16.1; informant-report range 0-162, sd = 28.0; r = 0.38, p < 0.05) and BRIEF-A (selfreport range 70-170, sd = 20.7; informant-report range 71-193, sd = 24.5; r = 0.34, p <
0.05) (See Figure 3-2). Among family members there was poor inter-rater reliability
between self-report and informant-report for the SRS-2A (ICC = 0.34, 95% confidence
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interval (CI) [0.15, 0.51] and for the BRIEF-A (ICC = 0.26, 95% CI [0.06, 0.44]). In
contrast to the probands, the ICC coefficient for the SRS-2A and the ICC coefficient for
BRIEF-A were significantly different from zero (F(91,92) = 2.03, p < 0.001; F(91,92) =
1.7, p < 0.01).
Comparing discrepancy between groups
We investigated the impact of participant sex and informant sex on discrepancy
for both the SRS-2A and BRIEF-A for probands and family members separately. Among
probands, females (M = -31.2, SD = 36.1) had significantly greater magnitude SRS-2A
discrepancy scores than males (M = -10.8, SD = 44.3; t (99) = -2.42, p < 0.05; see Figure
3-3). Recall that the negative discrepancy scores indicate higher levels of self-report
SRS-2A scores relative to informant-report SRS-2A scores. There was not a sex effect for
BRIEF-A discrepancy scores in probands (t (97) = -1.68, p > 0.05). For family members,
there were no differences based on sex for family members on the SRS-2A (t (77) = 0.51, p > 0.05) or on the BRIEF-A (t (90) = 0.01, p > 0.05).
When reporting on probands, male informants (M = -42.7, SD = 39.3) and female
informants (M = -11.1, SD = 30.9, t (78) = 3.36, p < 0.01) differ in SRS-2A discrepancy
scores (see Figure 3-4). Generally, SRS-2A discrepancy scores were greater in magnitude
with male informants and were in the negative direction, indicating higher levels of selfreported symptoms by probands relative to informant-reported symptoms when
informants were males. There were no significant effects of informant sex on discrepancy
scores that passed Benjamini-Hochberg multiple comparison correction for the BRIEF-A
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among probands, the SRS-2A among family members, or the BRIEF-A among family
members.
Examining effect of participant and informant characteristics on discrepancy
The effect of participant characteristics (age, sex, and proband status) and of
informant characteristics (relation to participant and sex) on SRS-2A self-report vs.
informant-report discrepancy was evaluated using hierarchical regression. After
accounting for all variables, participant proband status (proband vs. family member) (β =
-0.29, p < 0.01) predicted a significant portion of the variance in SRS-2A discrepancy (F
= 5.69, p < 0.001; see Table 3-2). These results suggest that the participant being a
proband predicts a discrepancy in reporting ASD traits such that the participant overreports their own traits compared to their informant. While informant relation: friend was
also significant in the final model as a predictive variable, the adjusted R2 for the final
model is the same as that of the previous model, indicating that the addition of the
informant relation variable did not add to the predictive value of the model, considering
the number of input variables. The same participant and informant qualities were
investigated for BRIEF-A self-report vs. informant-report discrepancy. After accounting
for all variables, only informant relation predicted a significant portion of the variance in
discrepancy in BRIEF-A self-report vs. informant-report scores (F = 2.47, p < 0.01; see
Table 3-3). Post-hoc comparison highlighted the contrast between discrepancy when
informants are friends and they are spouses (t = -3.94, p < 0.01), with much greater
magnitude discrepancy for informants that are friends than those that are spouses.
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Importantly, informant relation driven by this contrast only predicted 8% of the variance
in BRIEF discrepancy.
Discussion
We found a lack of agreement and inter-rater reliability between self-report and
informant-report scores for the same measures for probands, yet moderate agreement and
low inter-rater reliability between self-report and informant-report measures in their
family members. Additionally, we found a pattern of negative discrepancy between self
and informant-reporting of autistic behaviors for female probands, such that female
probands reported more autistic behaviors and executive functioning differences for
themselves than their informant did about them. In exploratory analyses, we found a
difference in discrepancy in reporting autistic behaviors of probands according to the sex
of the informant. Specifically, SRS-2A discrepancy scores were of greater magnitude and
in a negative direction with male informants, indicating more self-reported ASD-related
traits by probands relative to informant-reported traits when informants were male.
When examining the discrepancies in reporting autistic behaviors further, we found that it
could be explained, in part, by the status (proband vs. family member) of the selfreporting participant. Specifically, we found that the participant being a proband
predicted that the discrepancy would be greater in magnitude than when the self-reporting
participant is a family member, though this variable accounted for a relatively small
portion of the overall variance in discrepancy.
Our findings related to discrepancy in reporting autism spectrum traits differ from
the small number of previous conflicting reports in autistic adults. One previous study
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found good self / other agreement on the SRS2-A among autistic adults (46% female
sample), while another study (with a male-only sample) reported poor self / other
agreement but in the opposite direction of what we observed, with men under-reporting
their ASD symptoms in relation to their informant (Cederlund et al., 2010; Sandercock et
al., 2020). Much of the previous work across all age ranges examining the agreement
between self- and informant-report measures have relied on predominantly male
participants (>70%) and have either found good agreement or the effect of underreporting ASD symptoms by men (Cederlund et al., 2010; Johnson et al., 2009; Lerner et
al., 2012; Sandercock et al., 2020; White et al., 2012). In contrast, our sample had a
modrate representation of female probands (38%). The lack of agreement and inter-rater
reliability between self and informant reporting of executive functioning using the BRIEF
among probands is in contrast to the studies examining self / other agreement in other
populations but aligned with findings in autistic adolescents (Donders & Strong, 2016;
Kenworthy et al., 2021; Rabin et al., 2006; Wilson et al., 2011). Our results emphasize
the importance of collecting both self- and informant-report information in order to
capture the full expanse of spectrum behaviors.
While female probands, on average, had discrepancies that were greater in
magnitude than male probands, our data demonstrate that many probands – male and
female – had large discrepancies between self-report and informant-report scores. This
suggests that self-reports and informant-reports may be carrying different sets of
information. Recent work looking at ASD behaviors from childhood to young adulthood
suggests that self-reports may be especially important in adults (Riglin et al., 2021). The
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Riglin et al study focused on identifying trajectories of change and / or maintenance of
level of ASD traits and found that by age 25 there were parent-reported differences
between trajectory groups but not self-reported differences, concluding that incorporating
self-report assessment as well as a variety of measures may be important for accurately
assessing ASD traits in autistic adults (Riglin et al., 2021). We additionally found that
proband status was predictive of discrepancy when accounting for participant and
informant qualities in hierarchical regression, such that self-report scores were likely to
be higher than informant report scores if the self-reporting participant was a proband
rather than a family member The lack of predictive value of sex in the hierarchical
regression analyses despite the identified group sex differences in discrepancy in
combination with the wide variation in discrepancy observed across male and female
probands suggests that there is an additional factor (or factors) that is driving discrepancy
that may be enriched in female probands. Based on the difference in range in the average
SRS-2A values between the male and female proband samples, one potential factor is an
enrichment of overall autism spectrum traits. Future research should evaluate the impact
of severity of ASD phenotype, captured using an independent measure of autism
spectrum traits, on the discrepancy on self-reporting and informant-reporting of autism
spectrum traits. Additionally, another potential driving factor for discrepancy could be
camouflaging, given the complex relationship between camouflaging and sex and gender
identity (e.g. Hull et al., 2020).
The influence of informant sex on discrepancy is also clear when comparing
groups but not in the hierarchical regression. The fact that discrepancy varies by proband
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status, participant sex, and informant sex in group comparisons alone suggests there is
likely a complex interaction of social factors that drives discrepancy in reporting of
autistic behaviors that we did not have the power to fully capture in the current study.
There are likely many sources for the discrepancies. Informants may lack understanding
due to a neurotypical viewpoint, in line with the concept of dialectical misattunement
between neurotypical and autistic individuals, i.e. the idea that social communication
difficulties are not solely reliant on the autistic individual’s inherent social ability, but are
also dependent on their neurotypical social partner (Bolis et al., 2017). The effect of
informant sex in particular suggests that the interpretation of autistic behaviors may be
more difficult when the informant does not share social context with the self-reporting
participant (i.e. the informant and the participant are of different sexes). Additionally,
informants may lack awareness of traits / thoughts that are not easily observable, have
bias towards over- or under-assignment of autism spectrum traits, or have other factors
influencing how they report. When an informant is also completing a self-report in the
study, there is the potential for the informant to use comparison while completing the
respective questionnaires.
On the other side, the individual self-reporting may actively camouflage their
behaviors. Additionally, the self-reporter may possess greater or lesser degrees of selfawareness or have individual bias in the way they view themselves that could affect their
self-reports (Huang et al., 2017). As such, it is important that future studies include both
self-report and informant-report measures when using questionnaires to quantify autism
spectrum behaviors. Given the evidence that neurotypical first impressions of autistic
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individuals are largely driven by qualities of the rater themselves, such as stigma
(Morrison et al., 2019), we recommend that future work investigates the impact of rater
qualities on how / if these first impressions are updated as well as on self / other
discrepancy. As the field continues to explore autistic-neurotypical misattunement and
camouflaging, we hope that the impact of these phenomena will be investigated in
relation to self-other discrepancy as well. Without further work determining the sources
of bias contributing to discrepancies, we cannot say that one reporting method is more
accurate or objective than the other. We can conclude, however, that using only
informant-report measures with autistic adults will lead to a gap in information about
their autism spectrum traits. This has important implications for future autism research,
including quantitative genetics and treatment research, as well as clinical diagnosis and
care of autistic adults. Our findings demonstrate the importance of including self-report
data in research and in clinical care of autistic adults.
One limitation of this study is the lack of consistency in the informant’s
relationship to the participant. While we secured informant reports from parents or other
close family members whenever possible, some participants had family members who
were uncomfortable with participating. Additionally, some probands lacked close
relationships and hence lacked informants. Pivotal to the process of securing an
informant for probands in this study was establishing rapport with the participant through
the interactive screening process and prioritizing the proband’s comfort in contacting
those close to them. Incorporating probands in the study who did not have a parent
informant allowed for broader inclusion but may have added some variability and
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inconsistency in the type of knowledge and experience each informant has with the
proband. Our results indicate that having close friends serve as informants may lead to
discrepancy in reporting autism spectrum-related traits, with friends tending to underreport traits compared to the participant. This challenge in securing an informant with a
consistent relationship to the proband seems to be specific to research involving autistic
adults (as opposed to research with autistic children in which a parent, caregiver, and / or
teacher is often available) and is another reason to collect both self-report and informantreport data in adults.
Another potential limitation of this study is the comparison of probands to family
members rather than to an independent comparison group. As family members of autistic
individuals sometimes express the broader autism phenotype (BAP; defined as behaviors
and traits that are related to genetic liability for ASD) (Pickles et al., 2000; E. Rubenstein
& Chawla, 2018), there may be more similarities between autistic adults and their family
members (especially first degree family members) than there would be between autistic
adults and an independent, population-based neurotypical group. A previous study of the
broad autism phenotypes (BAP) in parents found that self- and informant-ratings were
correlated unless the self-reporting parents had the BAP profile. This suggests that BAP
can contribute to self-report vs. informant-report discrepancies (Sasson et al., 2014).
To extend this study’s findings regarding self-report vs. informant-report
discrepancies, future studies should investigate possible contributions to these
discrepancies, including camouflaging, potential biases when reporting on autism-related
behaviors, degree of shared social context, and impact of an informant’s general ASD
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knowledge on their reporting. Perhaps most importantly, the presence of these
discrepancies suggests that it is vital to use both self-report and informant-report
measures in future research studies and clinical assessments, as they carry different sets
of information, both of which are important. Not collecting self-report information for
autistic adults may lead to missing important information about their experience and
phenotype.
Citation Diversity Statement
Recent work in several fields of science has identified a bias in citation practices such
that papers from women and other minority scholars are under-cited relative to the
number of such papers in the field (Caplar et al., 2017; Dion et al., 2018; Dworkin et al.,
2020; Maliniak et al., 2013; Mitchell et al., 2013). Here we sought to proactively consider
choosing references that reflect the diversity of the field in thought, form of contribution,
gender, race, ethnicity, and other factors. First, we obtained the predicted gender of the
first and last author of each reference by using databases that store the probability of a
first name being carried by a woman (Dworkin et al., 2020; Zhou et al., 2020). By this
measure (and excluding self-citations to the first and last authors of our current paper),
our references contain 28.46% woman(first)/woman(last), 15.0% man/woman, 26.54%
woman/man, and 30.0% man/man. This method is limited in that a) names, pronouns, and
social media profiles used to construct the databases may not, in every case, be indicative
of gender identity and b) it cannot account for intersex, non-binary, or transgender
people. Second, we obtained predicted racial/ethnic category of the first and last author of
each reference by databases that store the probability of a first and last name being
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carried by an author of color (Ambekar et al., 2009; Sood & Laohaprapanon, 2018). By
this measure (and excluding self-citations), our references contain 5.64% author of color
(first)/author of color(last), 17.2% white author/author of color, 18.86% author of
color/white author, and 58.3% white author/white author. This method is limited in that
a) names and Florida Voter Data to make the predictions may not be indicative of
racial/ethnic identity, and b) it cannot account for Indigenous and mixed-race authors, or
those who may face differential biases due to the ambiguous racialization or ethnicization
of their names. We look forward to future work that could help us to better understand
how to support equitable practices in science.
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Tables

Sample size (N)
Assigned sex at birth
(% female,
% male)
Gender identity
(% Cis-female
% Cis-male
% Trans-female
% Trans-male
% Non-binary)
Race
(% Asian,
% American Indian / Alaska
Native
% Black,
% Middle Eastern,
% white)
Age (range, years)
Age (mean (SD), years)
Highest education attained
(% high school graduate,
% some college,
% college degree,
% master’s degree,
% doctoral degree)
SRS-2A self-report total Tscore (mean (SD))
SRS-2A informant total Tscore (mean (SD))
SCQ total
(mean (SD))

Probands

Family
Members

103

96

38
62

50
50

34
61
1.0
2.9
1.0

50
50
0
0
0

2.9
2.9

5.2
2.1

4.9
1.0
89
18 - 78
36 (16)

4.2
0
89
19 - 87
52 (15)

14
31
24
21
9.7
71.6 (9.7)

8.3
18
33
29
11
45.6 (5.7)

65.1 (12.5)

45.6 (9.9)

14.6 (7.6)

5.9 (6.4)

Table 3- 1. Demographics and data available for discrepancy analyses, reported for
probands and family members separately.
Only family members who did not report any psychiatric diagnoses, neurological diagnoses, or
neurodevelopmental disorders in the medical history battery were included.
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Participant age
Participant sex
Participant
proband status
Informant sex
Informant
relation: friend
Informant
relation: other
Informant
relation: parent
Informant
relation: sibling
Informant
relation: spouse
Informant
relation: therapist
Adjusted R2
F
R2 change

Model 1
0.11
0.09

Model 2
-0.04
0.12

Model 3
-0.03
0.07

Model 4
-0.14
0.08

-0.31***

-0.30***

-0.29**

-0.11

-0.10
-0.24*
-0.07
-0.37
-0.09
-0.27
-0.06

0.01
1.71
0.02

0.08
5.69***
0.07

0.08
4.68**
0.01

0.08
2.53**
0.03

Table 3- 2. Hierarchical regression for Social Responsiveness Scale-2 Adult discrepancy
between self and informant reporting shows partial prediction by proband status (proband
vs. unaffected family member).
The predictive ability of qualities of the participant (age, sex, and proband status) as well as of the
informant (relation to the participant and sex) were examined. Adjusted R2 is a measure of the
proportion of variance in the outcome variable explained by the input variables for that model,
adjusted for the number of input variables. R2 change takes the difference in proportion of
variance explained between models in a step-wise fashion to give an estimate of the impact of the
new variables added and does not adjust for the number of variables in the model.
*** indicates p < 0.001; ** indicates p < 0.01; * indicates p < 0.05
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Participant age
Participant sex
Participant
proband status
Informant sex
Informant
relation: friend
Informant
relation: other
Informant
relation: parent
Informant
relation: sibling
Informant
relation: spouse
Informant
relation: therapist
Adjusted R2
F
R2 change

Model 1
0.02
0.08

Model 2
-0.05
0.09

Model 3
-0.05
0.07

Model 4
-0.13
0.05

-0.14

-0.14

-0.06

-0.03

-0.05
-0.27*
0.06
0.08
-0.01
0.10
-0.17*

-0.01
0.53
0.01

0.00
1.19
0.01

0.00
0.92
0.00

0.08
2.47**
0.11

Table 3- 3. Hierarchical regression for Behavior Rating Inventory of Executive FunctionAdult discrepancy between self and informant reporting, with small effect of informant
relation.
The predictive ability of qualities of the participant (age, sex, and proband status) as well as of the
informant (relation to the participant, sex, and proband status) were examined. Adjusted R2 is a
measure of the proportion of variance in the outcome variable explained by the input variables for
that model, adjusted for the number of input variables. R2 change takes the difference in
proportion of variance explained between models to give an estimate of the impact of the new
variables added and does not adjust for the number of variables in the model.
*** indicates p < 0.001; ** indicates p < 0.01; * indicates p < 0.05
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Figures

Figure 3- 1. Bland-Altman plot of self-report and informant-report scores for the SRS-2A
and BRIEF in probands and family members.
Greater magnitude discrepancy in probands than in family members for both questionnaires.
Difference between measurements is calculated by subtracted the self-report score from the
informant-report score. Average measurement is calculated by taking the average of the selfreport and the informant-report scores for that questionnaire. (A) Mean discrepancy below zero
for the SRS-2A for probands. (B) Mean discrepancy below zero for the BRIEF for probands. (C)
Mean discrepancy near zero for the SRS-2A for family members. (C) Mean discrepancy near zero
for the BRIEF for family members.
SRS = Social Responsiveness Scale, BRIEF = Behavioral Rating Inventory for Executive
Functioning global executive composite score.
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Figure 3- 2. Correlations of self- and informant-report scores for the SRS-2A and BRIEF in
probands and family members.
Self- and informant-report scores for the same measures were largely not correlated among
probands and were weakly to moderately correlated among family members. The BenjaminiHochberg correction for multiple comparisons was used. (A) No significant correlations between
self- and informant-report scores for SRS-2A Total in probands. (B) No significant correlations
between self- and informant-report scores for BRIEF global executive composite score in
probands. (C) Correlations between self- and informant-report scores for SRS-2A Total in family
members. (D) Correlations between self- and informant report scores for BRIEF global
executive composite score in family members. Spearman’s rho and the associated p-value are
reported.
SRS = Social Responsiveness Scale, BRIEF = Behavioral Rating Inventory for Executive
Functioning global executive composite score.
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Figure 3- 3. Effects of sex on discrepancy scores.
There was a significant effect of sex on discrepancy scores in the SRS-2A in probands. However,
there were no significant effects of sex differences on discrepancy scores for the BRIEF in
probands or for the SRS-2A or BRIEF in family members. Discrepancy scores were calculated by
subtracting the self-report scores from informant-report scores. A discrepancy score of 0 indicates
no discrepancy between self- and informant reports. Negative discrepancy scores indicate higher
self-report scores relative to informant-report scores. Conversely, positive discrepancy scores
indicate higher informant report scores than self-report scores. (A) Significant sex differences in
SRS-2A total discrepancy scores in probands. (B) No significant sex differences in BRIEF-A
discrepancy scores in probands. (C) No significant sex differences in SRS-2A total discrepancy
scores in family members. (D) No significant sex differences in BRIEF-A discrepancy scores in
family members.
* indicates p< 0.05 after correction for multiple comparisons using the Benjamini-Hochberg
correction
SRS = Social Responsiveness Scale, BRIEF = Behavioral Rating Inventory for Executive
Functioning global executive composite score
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Figure 3- 4. Effects of the informant sex on discrepancy scores.
Discrepancy scores were calculated by subtracting the self-report scores from informant-report
scores. A discrepancy score of 0 indicates no discrepancy between self- and informant reports.
Negative discrepancy scores indicate higher self-report scores relative to informant-report scores.
Conversely, positive discrepancy scores would indicate higher informant report scores than selfreport scores. There was a significant effect of informant sex on discrepancy scores for SRS-2A
in probands. There were no significant effects of informant sex on discrepancy scores for the
BRIEF in probands or for the SRS-2 or BRIEF in family members. (A) Significant effect of
informant sex on SRS-2A total discrepancy scores for probands. (B) No significant effect of
informant sex on BRIEF-A discrepancy for probands. (C) No significant effect of informant sex
on SRS-2A total discrepancy scores for family members. (D) No significant effect of informant
sex on BRIEF-A discrepancy scores for family members.
* indicates p< 0.05 after correction for multiple comparisons using the Benjamini-Hochberg
correction
SRS = Social Responsiveness Scale, BRIEF = Behavioral Rating Inventory for Executive
Functioning global executive composite score
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CHAPTER 4: Investigating the relationships among resilience,
autism-related traits and mental health outcomes among adults
during the COVID-19 pandemic
Introduction
Resilience is a dynamic process through which people adjust to adversity. It is
multidimensional and shaped by multiple factors, including previous adverse
experiences, external support, and individual traits (Luthar et al., 2000; Masten & Barnes,
2018; Ungar & Theron, 2020). At the individual level, resilience can be thought of as the
capacity for success and well-being during and following adversity (Masten & Barnes,
2018). The COVID-19 global pandemic has introduced a shared source of adversity for
people across the world. Given the potential immediate and lasting impacts of the
pandemic on mental health outcomes (Pfefferbaum & North, 2020; Usher et al., 2020), it
is important to investigate the processes (i.e., resilience factors) that buffer negative
outcomes.

While the precise impact of the COVID-19 pandemic has yet to be quantified in
the general population, estimates based on internet usage (content of searches) and
expression (content of postings) make it clear that general mental health challenges,
particularly depression, anxiety, and stress, have increased (Gianfredi et al., 2021; Saha et
al., 2020). Certain populations may be especially at risk for these mental health changes,
for instance those on the autism spectrum, given the high co-occurrence of autism
spectrum disorder (ASD) with anxiety and / or depression (M.-C. Lai et al., 2019). In
fact, a study across multiple countries found that increases in depression and anxiety due
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to the COVID-19 pandemic were heightened among autistic adults compared to nonautistic adults, suggesting this population may be especially vulnerable to mental health
consequences of the crisis (Oomen et al., 2021). In a qualitative study focusing on
experiences of autistic adults, researchers found that 55% of participants experienced
worsening mental health during the COVID-19 pandemic, many of whom highlighted the
significance of the loss of in-person interaction (Stanley, 2021).

Previous work has established that having greater scores on surveys of resilience
factors is associated with lower levels of anxiety and depression during the COVID-19
pandemic, although these studies did not specifically examine autism spectrum traits in
their study populations (Barzilay et al., 2020; Mosheva et al., 2020; Ran et al., 2020). A
recent study shows that these patterns extend to parents of children with and without
autism spectrum disorder (ASD) diagnoses during the pandemic (Wang et al., 2021).
Prior to the pandemic, a rare study of resilience among autistic individuals found that this
buffering effect of resilience factors against anxiety and depression extended to autistic
boys, though this study did not examine quantitative autism spectrum traits (Bitsika &
Sharpley, 2014). In the current study, we sought to explore the degree to which resilience
factors buffer against the psychological impacts of the COVID-19 pandemic in adults
across the full spectrum of autism-related traits in population samples. To our knowledge,
this is the first study to examine the relationships among quantitative autism-related
traits, resilience, and mental health outcomes in adults. A better understanding of
resilience may elucidate novel approaches to alleviate the burden of psychological
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disorders such as anxiety and depression for autistic individuals, as well as others high in
autistic traits.

Methods and Materials
Sample
Adults high in autism spectrum traits and their family members were recruited
through the University of Pennsylvania Autism Spectrum Program of Excellence (ASPE)
study. Individuals high in autism spectrum traits were included in the study based on a
clinical and developmental history in alignment with DSM-5 criteria for autism spectrum
disorder and an intellectual quotient (IQ) above 70 as measured by the Shipley-2.(Shipley
et al., 2009) Participants were excluded based on 1) a recent history of self-harm,
aggressive behavior, or severe mood or psychotic symptoms and 2) a history of
intellectual disability or severe neurological disorder (e.g. dementia, epilepsy, etc.).
Family members of the ASPE participants were included on the basis of their relationship
and included first-, second-, third-, and fourth-degree relatives. In addition to the ASPE
sample enriched in autism spectrum traits, a population-based sample was ascertained
through two online methods: 1) Facebook and 2) Amazon Mechanical Turk (MTurk).
Participation was contingent on being over 18 years old. The authors assert that all
procedures contributing to this work comply with the ethical standards of the relevant
national and institutional committees on human experimentation and with the Helsinki
Declaration of 1975, as revised in 2008. All study methods and procedures were
approved by the University of Pennsylvania Institutional Review Board, and participants
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underwent an informed consent process either online (in the case of participants from
Facebook and MTurk) or over the phone (in the case of participants from the ASPE
study). Study data were collected and managed using Research Electronic Data Capture
(REDCap) tools hosted at the University of Pennsylvania (Harris et al., 2009, 2019).
Sample demographics, separated by ascertainment method, are reported in Table 4-1.
Measures
Demographic characteristics. Demographic characteristics were collected for
each participant either via a phone interview or an online questionnaire. They included,
but were not limited to, age, sex, highest education level achieved, and household
income. Using an index numbering system, each education and income level was
assigned a numerical value (with the lowest education level and income bracket receiving
the lowest scores) and summed to calculate a value for socioeconomic status (possible
range 0-13). The education levels and corresponding numeric value were as follows: less
than high school (0), high school graduate (1), some college (2), undergraduate degree
(3), master’s degree (4), and doctoral degree (5). The household income levels and
corresponding numeric value were as follows: less than $10,000 (0), $10,000 - $14,999
(1), $15,000-$24,999 (2), $25,000-$34,999 (3), $35,000-$49,999 (4), $50,000-$74,999
(5), $75,000-$99,999 (6), $100,000-$149,999 (7), and $150,000 or more (8).
Additionally, participants were given the option to indicate which, if any, of ten types of
adverse childhood experiences (ACEs) they had experienced. ACE questions were
adapted from the BRFSS Adverse Childhood Experience Module (Centers for Disease
Control and Prevention (CDC), 2019; Felitti et al., 1998). The categories for ACE
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included: verbal, physical, or sexual abuse; neglect; parental divorce or separation;
witnessing the physical abuse of a parent; living with someone struggling with addiction
or mental health issues; and the incarceration of a household member. The ACE score
used in analyses was a count of each ACE category they indicated that they had
experienced (possible range 0-10).
Social Responsiveness Scale – 2 Adult (SRS-2A). The self-report version of
SRS-2A was used to assess the level of autism spectrum traits. The SRS-2A has been
used previously to quantify autism spectrum traits among people with and without ASD
diagnoses (Constantino et al., 2003; Constantino & Todd, 2003). The SRS-2A is a 60item questionnaire covering social communication, restricted interests and repetitive
behavior, social motivation, social awareness, and social cognition. The SRS has good
convergent validity and inter-rater reliability (Chan et al., 2018; Constantino et al., 2003).
Patient Health Questionnaire 2 (PHQ-2). The PHQ-2 is composed of the first
two questions of the PHQ-9 and is designed to efficiently assess depression severity
(Arroll et al., 2010). It has high sensitivity (0.92) and moderate specificity (0.61) for
major depression (Arroll et al., 2010).
Generalized Anxiety Disorder 7 (GAD-7). The GAD-7 is a 7-item
questionnaire that assesses symptoms associated with generalized anxiety disorder based
on the frequency of occurrence (Spitzer et al., 2006). Participants indicate whether they
have experienced the symptom described in each item “not at all”, “several days”, “more
than half the days”, or “nearly every day” over the previous two weeks. The GAD-7 has
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good convergent validity, with strong correlations with other anxiety measures and with
depression measures (Spitzer et al., 2006).
Penn Resilience Survey. This questionnaire was developed by a research group
at the University of Pennsylvania and Children’s Hospital of Philadelphia led by coauthor Ran Barzilay. Resilience is assessed in this 21-item questionnaire based on selfreliance, emotion regulation, and positive and negative relationships (Barzilay et al.,
2020; Moore et al., 2020). Statements include “When I'm in a difficult situation, I can
usually find my way out of it” and “When I'm upset, I have difficulty focusing on other
things”. Participants indicated either the degree to which they agree with each statement
or how often the statement applies to them. This questionnaire has good internal
consistency, with Cronbach’s α ranging from 0.85 to 0.96 (Moore et al., 2020).
Connor-Davidson Resilience Questionnaire (CD-RISC). The CD-RISC is a
self-report questionnaire that evaluates resilience as defined by several attributes:
personal competence, trust/tolerance/strengthening effects of stress, acceptance of
changes, secure relationships, realistic sense of control over one’s situation, and spiritual
influences (Connor & Davidson, 2003). Questions asked how much participants agree to
statements including “I am able to adapt when changes occur” and “Past successes give
me confidence in dealing with new challenges and difficulties”. The 25-question version
of this questionnaire was used. The questionnaire has good internal consistency
(Cronbach’s α = 0.89), test-retest reliability (r = 0.87, and convergent validity with the
Kobasa hardiness measure (r = 0.83) as well as inverse relationships with stress
questionnaires (r = -0.32 to -0.76) (Connor & Davidson, 2003).
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We used two measures of resilience factors for several reasons. First,
incorporated into the definition of resilience in both the Penn Resilience Survey and the
CD-RISC is the presence of supportive relationships. Social communication differences
are integral to the autism phenotype and can be accompanied by social isolation and
difficulty establishing a social support system. We wanted to include resilience measures
that weigh / rely on relationships with others to varying degrees to insure that, especially
among individuals high in autism spectrum traits, we are still assessing resilience factors
and not an aspect of the autism phenotype. Given that the Penn Resilience Survey heavily
emphasizes relationships as two out of its four factors, the CD-RISC is valuable as a
resilience measure less focused on social aspects. Second, resilience is a dynamic,
complex construct. Including more than one measure of resilience can establish with
greater confidence that the relationships we find are between constructs and are not
limited to the peculiarities of a specific measure.
Relationships among anxiety and depression symptoms, autism spectrum traits, and
resilience factors
The relationships among anxiety, depression, autism-related traits, and
resilience factors were evaluated using correlational analysis with Spearman coefficients
in a pooled sample including participants recruited through ASPE, Facebook, and MTurk.
Spearman rank-based coefficients were used to account for the ordinal distributions of the
PHQ-2 and ACE scores (Figure 4-1). As this is the first time the relationship between
ASD-related traits and resilience has been examined in a sample of adults, we completed
exploratory correlation analyses between the subscales of the Penn Resilience Survey and
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the SRS-2A. Follow-up Fisher r-to-z transformation was used to determine if there were
differences in the magnitude of the relationships. The relationships between each measure
(total scores only) were additionally assessed using multivariate linear regression in the
pooled sample. The contributions of demographic variables (age, sex, ACE, and SES) as
well as the date of completion of the resilience survey were evaluated in model 1 and
controlled for in the following models. The date of completion of the resilience survey
was included in the analysis because the stresses of the pandemic may have varied over
time (Saha et al., 2020). The approach of hierarchical regression was used with an initial
model assessing the impact of demographic variables (model 1), followed by models
incorporating one of the other measures in order to assess their effects independently.
Specifically, a measure of anxiety (GAD7) and a measure of depression (PHQ2) were
each used as outcome variables with the contribution of demographic variables assessed
in the first model, the contribution of a measure of autism-related traits (SRS-2A)
assessed in the second model, and the contribution of measures of resilience assessed in
the third model using CD-RISC and in the fourth model using the Penn resilience survey.
Separately, SRS-2A was used as an outcome variable with demographic variables
evaluated in model 1, CD-RISC evaluated in model 2, and Penn resilience survey total
evaluated in model 3.
The moderating impact of resilience on the relationship between autism spectrum traits
and anxiety and depression
The ability of resilience to moderate the relationship between autism spectrum
traits and anxiety and depression was evaluated using multivariate linear regression in a
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pooled sample including participants recruited through ASPE, Facebook, and MTurk.
The outcome variables were GAD7 and PHQ2, with two different sets of input variables.
The input variables were either SRS-2A, CD-RISC, and the interaction between SRS-2A
and CD-RISC or SRS-2A, Penn resilience survey total, and the interaction between SRS2A and Penn resilience survey total.
Results
All tested measures (SRS-2A, GAD7, PHQ2, CD-RISC, and Penn resilience
survey) were significantly correlated with each other (Figure 4-2). The Penn resilience
survey total was negatively related to anxiety (r = -0.67, p < 0.01), depression (r = -0.66,
p < 0.01), and autistic traits (r = -0.74, p < 0.01), as was resilience measured by the CDRISC (anxiety, r = -0.55, p < 0.01; depression, r = -0.49, p < 0.01; autistic traits, r = 0.49, p < 0.01). Additionally, ASD traits were inversely related to each of the four
subscales of the Penn Resilience Survey (self-reliance r = -0.57, p < 0.01; emotion
regulation r = -0.58, p < 0.01; negative relationships r = -0.41, p < 0.01; positive
relationships r = -0.35, p < 0.01). Fisher r to z transformation showed that the correlation
between the SRS-2A and self-reliance was stronger in magnitude than that between the
SRS-2A and the positive relationship subscale (z = 8.08, p < 0.01) and between the SRS2A and the negative relationship subscales (z = 5.86, p < 0.01). The strength of the
correlation between SRS-2A and the emotion regulation subscale was stronger in
magnitude than that between SRS-2A and positive relationship subscale (z = 8.68, p <
0.01) and that between SRS-2A and negative relationship subscale (z = 6.45, p < 0.01).
Autism-related traits were positively correlated with anxiety (r = 0.59, p < 0.01) and
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depression symptoms (r = 0.57, p < 0.01). The resilience measures were positively
correlated with each other (r = 0.67, p < 0.01). All p-values passed Benjamini-Hochberg
correction for multiple testing.
Among demographic variables, anxiety symptoms were partially predicted by
age (β = -0.22), ACE (β = 0.38), and date of questionnaire completion (β = -0.15;
F(5,519) = 24.22, p < 0.001) (see Table 4-2). Depression severity was predicted by only
age (β = -0.20) and ACE (β = 0.34; F(5,519) = 20.45, p < 0.001) (see Table 4-3). Autismrelated traits were partially predicted by age (β = -0.33), sex (β = 0.10), ACE (β = 0.37),
and SES (β = -0.08; F(5,519) = 44.2, p < 0.001) (see Table 4-4). When analyzing the
impact of resilience factors and autism-related traits on anxiety severity, we found that
more autism-related traits were associated with higher anxiety (β = 0.49; F(6,518) = 47.9,
p < 0.001), while higher scores in either CD-RISC or Penn Resilience Survey, were
associated with lower anxiety (β = -0.35, F(6,518) = 36.91, p < 0.001; β = -0.55, F(6,518)
= 66.28, p < 0.001, respectively). The same pattern held true for depression severity, with
each unit (point) of SRS-2A predicting 46% more severe depression (F(6,518) = 38.82, p
< 0.001), each unit of CD-RISC score predicting 37% less severe depression (F(6,518) =
35.26, p < 0.001), and each unit of Penn Resilience Survey score predicting 57% less
severe depression (F(6,518) = 64.26, p < 0.001). Another shared pattern between anxiety
and depression symptom prediction was that ACE predicted a significant portion of
variance in anxiety and depression with SRS-2A (anxiety, β = 0.19; depression, β = 0.17),
CD-RISC (anxiety, β = 0.32; depression, β = 0.29), or Penn Resilience Survey total
(anxiety, β = 0.16; depression β = 0.13) (see Tables 4-2 and 4-3). Additionally, autism134

related traits were partially predicted by CD-RISC (β = -0.30; F(6,518) = 53.13, p <
0.001) and Penn Resilience Survey total (β = -0.53; F(6,518) = 94.8, p < 0.001) such that
higher resilience levels were associated with fewer autism-related traits (see Table 4-4).
In addition to the individual effects of resilience and autism-related traits on
anxiety, there was a positive moderating effect of resilience measured by CD-RISC (β =
0.002, p < 0.01; F(3,987) = 188.36, p < 0.01) and by the Penn Resilience Survey (β =
0.035, p < 0.05; F(3,1677) = 327.24, p < 0.01) on the relationship between autism-related
traits and anxiety. A positive moderating effect indicates that higher resilience predicts a
strengthened relationship between autism-related traits and anxiety. In addition to the
individual effects of resilience and autism-related traits on depression, there was a
negative moderating effect of Penn Resilience Survey total on the relationship between
autism-related traits and depression (β = -0.055, p < 0.01; F(3,1677) = 319.83, p < 0.01),
but not of CD-RISC resilience (β = 0.0002, p > 0.05). A negative moderating effect
indicates that higher resilience predicts a weakened relationship between autism-related
traits and depression.
Discussion
To our knowledge, this is first study to investigate the dimensional relationship
between resilience factors and autism-related traits among adults. Moreover, this study
was conducted during the unique, stressful circumstances of the COVID-19 pandemic.
We found resilience factors and autism-related traits to be inversely related, using two
different resilience measures. After accounting for the effects of the demographic
variables, these relationships were still significant. In exploratory analyses, we found that
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the resilience factors self-reliance and emotion regulation were more strongly related to
autism-related traits than the factors positive or negative relationships. In replication of
previous studies’ results among neurotypical individuals (Barzilay et al., 2020; Mosheva
et al., 2020; Ran et al., 2020; Luxi Wang et al., 2021), we found that resilience was
negatively associated with anxiety and depression, such that higher resilience was
associated with fewer symptoms for both. These relationships were maintained after
accounting for demographic variables. As expected, given the high co-occurrence of
ASD with anxiety and / or depression (M.-C. Lai et al., 2019), we found that having more
autism-related traits was associated with a greater severity of anxiety and depression.
These effects were robust to demographic differences.
We also found that resilience factors moderated the relationship between
autism-related traits and depression severity, suggesting that improving resilience could
be an especially effective strategy for reducing depression symptoms among individuals
on the autism spectrum. Multiple programs designed for neurotypical adults to enhance
resilience have been shown to be effective (e.g. Litvin et al., 2020; Millear et al., 2008)
and could be modified to suit the diverse needs of autistic individuals. Our results suggest
that some resilience factors may be more closely related to the overall ASD phenotype
than others. This suggests that assessing resilience with some granularity (e.g. by
separating out interpersonal vs. intrapersonal factors) could be helpful in focusing
strategies to improve resilience in this population.
Resilience factors also moderated the relationship between anxiety and autismrelated traits, but in a surprising direction. The pattern we observed suggests that greater
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resilience strengthens the relationship between anxiety and autism-related traits. The
interpretation of this finding is complicated by the complexities of the sources of anxiety
during the COVID-19 pandemic. In the general population, it is clear that the focus of
anxiety and stress has shifted over time as the COVID-19 pandemic has progressed (e.g.
from early concerns about access to health insurance and uncertainty about how the virus
is transmitted to concerns about the impacts of social isolation) (Saha et al., 2020).
Among autistic adults, there has not been a uniform increase across all domains of
anxiety during the pandemic, with evidence of some reported reduction of social stress
(Oomen et al., 2021; Stanley, 2021). While we did not investigate specific sources of
anxiety in the present study, we found that overall, anxiety (but not depression or ASD
traits) gradually decreased over the course of the pandemic in our participants, as
indicated by the fact that the date of completion of the surveys predicted anxiety, with
later date of completion predicting lower anxiety levels. It is possible that these dynamic
complexities of anxiety sources and triggers contribute to the direction of the moderating
effect of resilience on the relationship between anxiety and autism spectrum traits.
The current study also contributes to extensive past literature examining the
effects of ACE and SES on mental health outcomes. Previous work has shown that
autistic children have a higher number of ACEs than their neurotypical peers (Hoover &
Kaufman, 2018; Kerns et al., 2017). We show that this relationship extends to a
quantitative relationship between autism-related traits and the number of ACEs among
adults, with higher number of ACEs predicting more autism-related traits. We also show
that the inverse relationship exists for SES, with lower SES predicting more autism137

related traits. Previous work in a sample of autistic children suggests that there may also
be an interactive effect of SES and ACE on ASD traits such that the relationship between
ACE and ASD is more pronounced among individuals in a lower income bracket (Kerns
et al., 2017). The high incidence of ACE and trauma continuing into adolescence and
adulthood among the autistic community should continue to be rigorously examined in
order to identify preventative and protective mechanisms against trauma and its
detrimental effects on mental health (Hoover, 2015; Peterson et al., 2019; Rumball et al.,
2020, 2021). Moreover, our results support previous evidence that mental health
treatments for autistic individuals needs to be trauma-informed (Benevides et al., 2020;
Peterson et al., 2019; Rumball et al., 2020, 2021).
Limitations
There are several limitations to the interpretation of the current study. It is worth
noting that, while we observed moderate to strong relationships between many of the
constructs studied, our data do not indicate causal mechanisms or direction(s) of
causation. More work needs to be done in order to evaluate causation between the
constructs studied here – namely ASD traits, mental health outcomes, resilience, ACE,
and SES. Additionally, the use of a general anxiety measure limited our ability to explore
potential nuances in the relationships between ASD traits, specific types of anxiety
symptoms, and resilience. Finally, the ordinal nature of the distribution of the measure for
depression symptoms and the ACE scores in our sample may limit the interpretability of
the hierarchical regression and moderation results using those variables. These analyses
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assume continuous distributions of the variables and therefore equal distance between
each unit of measurement.
Conclusions
Resilience is a construct that should be further explored in order to better
understand the relationships between autism and co-occurring anxiety / depression.
Across the autism spectrum, bolstering resilience may be a feasible strategy for
improving mental health outcomes. This approach may be especially important during the
severe stresses of the ongoing COVID-19 pandemic and in its aftermath.

Citation Diversity Statement
Recent work in several fields of science has identified a bias in citation practices such
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Tables

Age (mean, years)
Age (SD, years)
Sex (N, female)
Sex (%, female)
Race (N, American Indian / Alaska
Native)
Race (%, American Indian / Alaska
Native)
Race (N, Asian)
Race (%, Asian)
Race (N, Black / African
American)
Race (%, Black / African
American)
Race (N, Native Hawaiian / Pacific
Islander)
Race (%, Native Hawaiian / Pacific
Islander)
Race (N, Other)
Race (%, Other)
Race (N, White)
Race (%, White)
History of Mental Health
Diagnosis (N, Yes)
History of Mental Health
Diagnosis (%, Yes)
ADHD (N, Yes)
ADHD (%, Yes)
Anorexia (N, Yes)
Anorexia (%, Yes)
Anxiety (N, Yes)
Anxiety (%, Yes)
ASD (N, Yes)
ASD (%, Yes)
Bipolar (N, Yes)
Bipolar (%, Yes)
Depression (N, Yes)
Depression (%, Yes)
ID (N, Yes)
ID (%, Yes)
Language Delay (N, Yes)

ASPE
(n = 201)

Facebook
(n = 929)

MTurk
(n = 624)

44
15
125
62

54
15
840
90

39
12
270
43

6

8

10

3

0.9

1.6

6
3

40
4.3

44
7.1

6

20

88

3

2.2

14

0

5

3

0

0.5

0.5

7
3.5
168
84

3
0.3
864
93

7
1.1
493
79

121

425

113

64

46

18

29
24
4
3.3
70
58
55
46
9
7.5
93
77
11
9.1
13

54
13
21
5
239
57
9
2.1
29
7.0
315
75
18
4.3
7

15
13
6
5.3
70
61
5
4.4
9
8.0
72
64
4
3.5
2
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Language Delay (%, Yes)
OCD (N, Yes)
OCD (%, Yes)
Other Psyc (N, Yes)
Other Psyc (%, Yes)
Personality Disorder (N, Yes)
Personality Disorder (%, Yes)
Schizophrenia (N, Yes)
Schizophrenia (%, Yes)

11
9
7.4
12
9.9
5
4.2
1
0.8

1.7
26
6.3
74
18
11
2.6
1
0.2

1.8
13
12
11
9.7
16
14
2
1.8

Table 4- 1. Demographic characteristics of samples for resilience analyses.
Percentages for all racial categories and for “History of Mental Health Diagnosis” are calculated
based on the number of people that indicated they fit into that category divided by size of the
entire sample. Percentages for categories within the mental health domain are calculated based on
the number of people that indicated they fit into that diagnosis category divided by the number of
people indicating they had a history of mental health diagnosis.
ASPE = Autism Spectrum Program of Excellence, MTurk = Amazon Mechanical Turk, ADHD =
Attentional Deficit Disorder, ASD = Autism Spectrum Disorder; Bipolar = Bipolar Disorder; ID
= Intellectual Disability; OCD = Obsessive Compulsive Disorder; Other Psyc = other psychiatric
or developmental disorders not specified
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Model 1

GAD-7
Model 2

Model 3

Model 4

-0.14***
-0.01
-0.10*
0.32***
0.03

-0.09*
-0.06
-0.07
0.16***
0

Age
Sex
Date
ACE
SES
SRS-2A
CD-RISC
Penn resilience
survey
R2 change

-0.22***
-0.02
-0.15**
0.38***
-0.02

0.19

0.17

0.11

0.25

Adjusted R2

0.18
24.22***

0.35
47.9***

0.29
36.91***

0.43
66.28***

F

-0.06
-0.06
-0.16***
0.19***
0.02
0.49***

-0.35***
-0.55***

Table 4- 2. Anxiety is partially predicted by age, adverse childhood experiences, date of
questionnaire completion, autistic traits, and resilience.
Adjusted R2 and F values are reported for each model, with beta values shown for each variable.
Model 1 assess the predictive abilities of demographic variables on anxiety. Model 2 assesses the
predictive ability of autistic traits on anxiety, while controlling for demographic variables. Model
3 assesses the predictive ability of resilience as measured by CD-RISC, while controlling for
demographic variables. Model 4 assesses the predictive ability of resilience as measured by the
Penn resilience survey, while controlling for demographic variables. The predictive ability of
models 2, 3, and 4 are compared with that of model 1 as shown by R2 change. The R2 change for
model 1 reflects the improvement in prediction of the outcome variable compared to a null model.
Date = date of resilience survey completion, ACE = adverse childhood experiences, SES =
socioeconomic status, SRS-2A = Social Responsiveness Scale-2 Adult, CD-RISC = ConnorDavidson Resilience Questionnaire
*** p < 0.0001, ** p < 0.01, * p < 0.05
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PHQ-2
Model 1
Model 2

Model 3

Model 4

Age
Sex
Date
ACE
SES
SRS-2A
CD-RISC
Penn resilience
survey
R2 change

-0.20***
0.05
-0.08
0.34***
-0.08

-0.10**
0.07
-0.03
0.29***
-0.03

-0.06
0.01
-0.01
0.13***
-0.06

0.16

0.15

0.13

0.26

Adjusted R2

0.16
20.45***

0.30
38.82***

0.28
35.26***

0.42
64.26***

F

-0.05
0.01
-0.09*
0.17***
-0.04
0.46***

-0.37***
-0.57***

Table 4- 3. Depression is partially predicted by age, adverse childhood experiences, autistic
traits, and resilience.
Adjusted R2 and F values are reported for each model, with beta values shown for each variable.
Model 1 assess the predictive abilities of demographic variables on depression. Model 2 assesses
the predictive ability of autistic traits for depression, while controlling for demographic variables.
Model 3 assesses the predictive ability of resilience as measured by CD-RISC, while controlling
for demographic variables. Model 4 assesses the predictive ability of resilience as measured by
the Penn resilience survey, while controlling for demographic variables. The predictive ability of
models 2, 3, and 4 are compared with that of model 1 as shown by R2 change. The R2 change for
model 1 reflects the improvement in prediction of the outcome variable compared to a null model.
Date = date of resilience survey completion, ACE = adverse childhood experiences, SES =
socioeconomic status, SRS-2A = Social Responsiveness Scale-2 Adult, CD-RISC = ConnorDavidson Resilience Questionnaire
*** p < 0.0001, ** p < 0.01, * p < 0.05

144

Age
Sex
Date
ACE
SES
CD-RISC
Penn resilience
survey
R2 change
2

Adjusted R
F

SRS-2A
Model 1
Model 2

Model 3

-0.33***
0.10*
0.03
0.37***
-0.08*

-0.20***
0.06
0.10**
0.17***
-0.07*

-0.26***
0.11**
0.07
0.33***
-0.04
-0.30***

-0.53***
0.30

0.08

0.22

0.29
44.2***

0.37
53.13***

0.52
94.8***

Table 4- 4. Autistic traits are partially predicted by age, sex, adverse childhood experiences,
socioeconomic status, and resilience.
Adjusted R2 and F values are reported for each model, with beta values shown for each variable.
Model 1 assess the predictive abilities of demographic variables on autistic traits. Model 2
assesses the predictive ability of resilience as measured by CD-RISC, while controlling for
demographic variables. Model 3 assesses the predictive ability of resilience as measured by the
Penn resilience survey, while controlling for demographic variables. The predictive ability of
models 2 and 3 are compared with that of model 1 as shown by R2 change. The R2 change for
model 1 reflects the improvement in prediction of the outcome variable compared to a null model.
Date = date of resilience survey completion, ACE = adverse childhood experiences, SES =
socioeconomic status, SRS-2A = Social Responsiveness Scale-2 Adult, CD-RISC = ConnorDavidson Resilience Questionnaire
*** p < 0.0001, ** p < 0.01, * p < 0.05
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Figures

Figure 4- 1. Distribution of Data for the Measures Used.
All measure scores with the exception of PHQ2 and ACE are distributed continuously across the
sample. The data are shown as a scatterplot, boxplot, and histogram for each measure.
SRS-2A Total = Social Responsiveness Scale-2A self-report total, Penn Res = Penn resilience
survey mean score, CD-RISC = Connor-Davidson Resilience questionnaire total, PHQ2 =
Personal Health Questionnaire-2 depression total score, GAD7 = General Anxiety Disorder-7
anxiety total score, ACE = adverse childhood experiences, SES = socioeconomic status
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Figure 4- 2. Resilience factors’ scores are negatively related to anxiety, depression, and
autistic traits.
Correlation coefficient (Spearman’s rho) values for each pair of traits shown in text and
represented using color (color intensity greater with stronger relationship, red for negative
relationship, and blue for positive relationship).
SRS SR Total = Social Responsiveness Scale-2A self-report total, COVID-19 Res = Penn
resilience survey mean score, CD-RISC = Connor-Davidson Resilience questionnaire total,
PHQ2 = Personal Health Questionnaire-2 depression total score, GAD7 = General Anxiety
Disorder-7 anxiety total score

147

References
Ambekar, A., Ward, C., Mohammed, J., Male, S., Skiena, S., 2009. Name-ethnicity
classification from open sources, in: Proceedings of the 15th ACM SIGKDD
International Conference on Knowledge Discovery and Data Mining. pp. 49–58.
Arroll, B., Goodyear-Smith, F., Crengle, S., Gunn, J., Kerse, N., Fishman, T., Falloon,
K., Hatcher, S., 2010. Validation of PHQ-2 and PHQ-9 to screen for major
depression in the primary care population. Ann. Fam. Med. 8, 348–353.
https://doi.org/10.1370/afm.1139
Barzilay, R., Moore, T.M., Greenberg, D.M., DiDomenico, G.E., Brown, L.A., White,
L.K., Gur, R.C., Gur, R.E., 2020. Resilience, COVID-19-related stress, anxiety and
depression during the pandemic in a large population enriched for healthcare
providers. Transl. Psychiatry 10. https://doi.org/10.1038/s41398-020-00982-4
Benevides, T.W., Shore, S.M., Palmer, K., Duncan, P., Plank, A., Andresen, M.L.,
Caplan, R., Cook, B., Gassner, D., Hector, B.L., Morgan, L., Nebeker, L., Purkis,
Y., Rankowski, B., Wittig, K., Coughlin, S.S., 2020. Listening to the autistic voice:
Mental health priorities to guide research and practice in autism from a stakeholderdriven project. Autism 24, 822–833. https://doi.org/10.1177/1362361320908410
Bitsika, V., Sharpley, C.F., 2014. Which psychological resilience attributes are associated
with lower aspects of anxiety in boys with an autism spectrum disorder?
Implications for guidance and counselling interventions. Br. J. Guid. Couns. 42,
544–556. https://doi.org/10.1080/03069885.2014.931929
Centers for Disease Control and Prevention (CDC), 2019. Behavioral Risk Factor
Surveillance System Survey Questionnaire. U.S. Department of Health and Human
Services, Centers for Disease Control and Prevention, Atlanta, Georgia.
Chan, W., Smith, L.E., Hong, J., Greenberg, J.S., Mailick, M.R., 2018. Validating the
Social Responsiveness Scale for Adults with Autism. Autism Res. 10, 1663–1671.
https://doi.org/10.1002/aur.1813.Validating
Connor, K.M., Davidson, J.R.T., 2003. Development of a new Resilience scale: The
Connor-Davidson Resilience scale (CD-RISC). Depress. Anxiety 18, 76–82.
https://doi.org/10.1002/da.10113
Constantino, J.N., Davis, S.A., Todd, R.D., Schindler, M.K., Gross, M.M., Brophy, S.L.,
Metzger, L.M., Shoushtari, C.S., Splinter, R., Reich, W., 2003. Validation of a brief
quantitative measure of autistic traits: Comparison of the social responsiveness
scale with the Autism Diagnostic Interview-Revised. J. Autism Dev. Disord. 33,
427–433. https://doi.org/10.1023/A:1025014929212

148

Constantino, J.N., Todd, R.D., 2003. Autistic traits in the general population. Arch. Gen.
Psychiatry 60, 524–530.
Dworkin, J.D., Linn, K.A., Teich, E.G., Zurn, P., Shinohara, R.T., Bassett, D.S., 2020.
The extent and drivers of gender imbalance in neuroscience reference lists. Nat.
Neurosci. 23, 918–926. https://doi.org/10.1038/s41593-020-0658-y
Felitti, V.J., Anda, R.F., Nordenberg, D., Williamson, D.F., Spitz, A.M., Edwards, V.,
Koss, M.P., Marks, J.S., 1998. Relationship of childhood abuse and household
dysfunction to many of the leading causes of death in adults: The adverse childhood
experiences (ACE) study. Am. J. Prev. Med. 14, 245–258.
https://doi.org/10.1016/S0749-3797(98)00017-8
Gianfredi, V., Sandro, P., Santangelo, O.E., 2021. What can internet users’ behaviours
reveal about the mental health impacts of the COVID-19 pandemic? A systematic
review. Public Health. https://doi.org/10.1016/j.puhe.2021.06.024
Harris, P.A., Taylor, R., Minor, B.L., Elliott, V., Fernandez, M., Neal, L.O., Mcleod, L.,
Delacqua, G., Delacqua, F., Duda, S.N., REDCapConsortium, 2019. The REDCap
Consortium: Building an international community of software platform partners. J.
Biomed. Inform. 95, 1–24. https://doi.org/10.1016/j.jbi.2019.103208
Harris, P.A., Taylor, R., Thielke, R., Payne, J., Gonzalez, N., Conde, J.G., 2009.
Research electronic data capture (REDCap)-A metadata-driven methodology and
workflow process for providing translational research informatics support. J.
Biomed. Inform. 42, 377–381. https://doi.org/10.1016/j.jbi.2008.08.010
Hoover, D.W., 2015. The effects of psychological trauma on children with autism
spectrum disorders: A research review. Rev. J. Autism Dev. Disord. 2, 287–299.
https://doi.org/10.1007/s40489-015-0052-y
Hoover, D.W., Kaufman, J., 2018. Adverse childhood experiences in children with
autism spectrum disorder. Curr. Opin. Psychiatry 31, 128–132.
https://doi.org/10.1097/YCO.0000000000000390
Kerns, C.M., Newschaffer, C.J., Berkowitz, S., Lee, B.K., 2017. Examining the
association of autism and adverse childhood experiences in the National Survey of
Children’s Health: The important role of income and co-occurring mental health
conditions. J. Autism Dev. Disord. 47, 2275–2281. https://doi.org/10.1007/s10803017-3111-7.Examining
Lai, M.-C., Kassee, C., Besney, R., Bonato, S., Hull, L., Mandy, W., Szatmari, P., Ameis,
S.H., 2019. Prevalence of co-occurring mental health diagnoses in the autism
population: A systematic review and meta-analysis. Lancet Psychiatry, 6(10), 819829. https://doi.org/10.1016/S2215-0366(19)30289-5

149

Litvin, S., Saunders, R., Maier, M.A., Lüttke, S., 2020. Gamification as an approach to
improve resilience and reduce attrition in mobile mental health interventions: A
randomized controlled trial. PLoS One 15.
https://doi.org/10.1371/journal.pone.0237220
Luthar, S.S., Cicchetti, D., Becker, B., 2000. The Construct of Resilience: A Critical
Evaluation and Guidelines for Future Work. Child Dev. 71, 543–562.
Masten, A., Barnes, A., 2018. Resilience in Children: Developmental Perspectives.
Children 5, 98. https://doi.org/10.3390/children5070098
Millear, P.M., Liossis, P.L., Shochet, I.M., Biggs, H., Donald, M., 2008. Being on PAR:
Outcomes of a pilot trial to improve meantal health and wellbeing in the workplace
with the Promoting Adult Resilience (PAR) Program. Behav. Chang. 25, 215–228.
Moore, T.M., White, L.K., Barzilay, R., Calkins, M.E., Jones, J.D., Young, J.F., Gur,
R.C., Gur, R.E., 2020. Development of a scale battery for rapid assessment of risk
and resilience. Psychiatry Res. 288, 112996.
https://doi.org/10.1016/j.psychres.2020.112996
Mosheva, M., Hertz-Palmor, N., Dorman Ilan, S., Matalon, N., Pessach, I.M., Afek, A.,
Ziv, A., Kreiss, Y., Gross, R., Gothelf, D., 2020. Anxiety, pandemic-related stress
and resilience among physicians during the COVID-19 pandemic. Depress. Anxiety
37, 965–971. https://doi.org/10.1002/da.23085
Oomen, D., Nijhof, A.D., Wiersema, J.R., 2021. The psychological impact of the
COVID-19 pandemic on adults with autism: a survey study across three countries.
Mol. Autism 12, 21. https://doi.org/10.1186/s13229-021-00424-y
Peterson, J.L., Earl, R.K., Fox, E.A., Ma, R., Haidar, G., Pepper, M., Berliner, L.,
Wallace, A.S., Bernier, R.A., 2019. Trauma and Autism Spectrum Disorder:
Review, Proposed Treatment Adaptations and Future Directions. J. Child Adolesc.
Trauma 12, 529–547. https://doi.org/10.1007/s40653-019-00253-5
Pfefferbaum, B., North, C.S., 2020. Mental health and the Covid-19 pandemic. N. Engl.
J. Med. 383, 508–510. https://doi.org/10.1056/nejmp2013466
Ran, L., Wang, W., Ai, M., Kong, Y., Chen, J., Kuang, L., 2020. Psychological
resilience, depression, anxiety, and somatization symptoms in response to COVID19: A study of the general population in China at the peak of its epidemic. Soc. Sci.
Med. 262, 113261. https://doi.org/10.1016/j.socscimed.2020.113261
Rumball, F., Brook, L., Happé, F., Karl, A., 2021. Heightened risk of posttraumatic stress
disorder in adults with autism spectrum disorder: The role of cumulative trauma and
memory deficits. Res. Dev. Disabil. 110, 1–14.
https://doi.org/10.1016/j.ridd.2020.103848
150

Rumball, F., Happé, F., Grey, N., 2020. Experience of Trauma and PTSD Symptoms in
Autistic Adults: Risk of PTSD Development Following DSM-5 and Non-DSM-5
Traumatic Life Events. Autism Res. 13, 2122–2132.
https://doi.org/10.1002/aur.2306
Saha, K., Torous, J., Caine, E.D., de Choudhury, M., 2020. Psychosocial effects of the
COVID-19 pandemic: Large-scale quasi-experimental study on social media. J.
Med. Internet Res. 22, e22600. https://doi.org/10.2196/22600
Shipley, W.C., Gruber, C.P., Martin, T.A., Klein, A.M., 2009. Shipley-2 manual.
Western Psychological Services, Los Angeles, CA.
Sood, G., Laohaprapanon, S., 2018. Predicting Race and Ethnicity From the Sequence of
Characters in a Name.
Spitzer, R.L., Kroenke, K., Williams, J.B.W., Löwe, B., 2006. A brief measure for
assessing generalized anxiety disorder: The GAD-7. Arch. Intern. Med. 166, 1092–
1097. https://doi.org/10.1001/archinte.166.10.1092
Stanley, R.E., 2021. “Listen, I’ve been thriving” vs. “This is the worst I’ve ever felt!”: An
exploratory study of autistic experiences with in-person and online social
interaction during the COVID-19 pandemic, in: International Society for Autism
Research Annual Meeting.
Ungar, M., Theron, L., 2020. Resilience and mental health: how multisystemic processes
contribute to positive outcomes. Lancet Psychiatry 7, 441–448.
https://doi.org/10.1016/S2215-0366(19)30434-1
Usher, K., Durkin, J., Bhullar, N., 2020. The COVID-19 pandemic and mental health
impacts. Int. J. Ment. Health Nurs. 29, 315–318. https://doi.org/10.1111/inm.12726
Wang, L., Li, D., Pan, S., Zhai, J., Xia, W., Sun, C., Zou, M., 2021. The relationship
between 2019-nCoV and psychological distress among parents of children with
autism spectrum disorder. Global. Health 17, 23. https://doi.org/10.1186/s12992021-00674-8
Zhou, D., Bertolero, M.A., Stiso, J., Cornblath, E.J., Teich, E.G., Blevins, A.S.,
Virtualmario, Camp, C., Dworkin, J.D., Bassett, D.S., 2020. “Gender diversity
statement and code notebook v1.1.”

151

General Conclusions and Future Directions
This chapter will summarize the key findings of the previous chapters and address
each of the research aims laid out in the Introduction. Additionally, it will address
considerations for the context and application of this work. Finally, it will propose areas
for future study.
Findings and contributions
Objective 1. Propose a mechanism for the impact of synaptic cell adhesion
molecules on social affiliation. We conducted a review of all literature looking at the
impact of variation in the function of synaptic cell adhesion molecules on social
affiliation in rodent models. The results showed that most models with a disruption in the
function of a synaptic cell adhesion molecule also showed a disruption in social
affiliation. The balance between excitatory and inhibitory activity in several key brain
regions – namely the medial prefrontal cortex, basolateral amygdala, ventral tegmental
area, and/or the hippocampus – was also disrupted in most of these models. We propose
that this excitation / inhibition imbalance is caused by changes in synaptic maturation,
synaptic specificity, and synaptic pruning. This work allows for a cohesive model to be
investigated in future studies with synaptic cell adhesion molecules, with the hope that
rigorous testing of these hypotheses can shed light on the role of synaptic cell adhesion
molecules as a network and as individual actors. Ultimately, we hope that better
understanding the neural basis and mechanism for disrupted social affiliation in rodents
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can provide insight that is applicable for the treatment of social affiliation challenges
across multiple psychiatric disorders, including ASD, in humans.
Objective 2. Investigate the validity and the usefulness of quantitative
measure of ASD-related traits across several behavioral domains. Within this
objective, we explored two specific questions: are these measures heritable and is our
assessment method for the measures reliable. To address the issue of heritability, we
asked autistic adults and their family members to complete a battery of questionnaires as
well as several performance-based tasks. We then calculated heritability for each
phenotype by taking into account family structure and the pattern of scores on each
measure across a family. We found nearly all phenotypes to be heritable across multiple
behavior domains – including social communication, restricted repetitive behaviors and
interested, executive functioning, and overall ASD traits. We concluded that these
measures would be good candidates for future genetic studies.
To address the second question of assessment method, we compared self-report
and informant-report methods for two questionnaires (one measuring overall ASD traits
and the other measuring executive functioning). We found that there was poor agreement
and reliability of self-report and informant-report among autistic adults. Overall patterns
pointed to informants reporting fewer ASD-related behaviors than the autistic adult
reported themselves. However, there was a lot of variation in the magnitude of difference
between the self-report and informant-report scores, as well as in the direction of
differences (i.e. whether the informant reported more or fewer ASD-traits than the
autistic adult did). This work suggests that self-report and informant-report methods
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cannot be assumed to be measuring the same thing. We suggest that future researchers
should include the views of autistic adults (self-report measures) in their research so as
not to miss important information about their phenotype and experiences.
Object 3. Identify the relationships among ASD-related traits, resilience, and
anxiety and depression symptoms. To address this objective, we asked participants,
who included autistic adults and their family members, as well as a sample from the
general population, to complete several questionnaires and to report on their demographic
information. The questionnaires gave insight into their level of ASD-related traits,
resilience factors, anxiety symptoms, and depression symptoms. Importantly, these data
were collected during the ongoing COVID-19 pandemic. We found that these constructs
are interrelated, specifically that higher ASD-related traits, lower resilience, higher
anxiety symptoms, and higher depression symptoms tend to go together. We also found
that resilience moderated the relationship between ASD-related traits and depression
symptoms, such that resilience is protective. These findings suggest that existing methods
for enhancing resilience (e.g. Litvin et al., 2020; Millear et al., 2008) could potentially be
adapted to help reduce depressive symptoms for autistic adults and adults high in autism
spectrum traits.
Limitations
For all work involving autistic participants, it is important to acknowledge that the
barriers to diagnosis limit the pool of potential participants. Anyone whose autism goes
unrecognized is excluded from any subsequent research. There are also general barriers
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to participating in research (lack of job flexibility to get time off to participate, distrust of
biomedical research institutions, and lack of access to resources necessary to participate,
to name a few). Our research is therefore missing a subsection of the autistic and
neurotypical population. More work needs to be done to bridge the gap in diagnoses and
to make participation in biomedical research more accessible. Given the high rates of
trauma and gender identity diversity among autistic individuals, some concrete
approaches to improving accessibility for autistic participants include making research
practices trauma-informed and gender-inclusive (Reuben et al., 2021; Strang et al., 2020).
It is important for the ASD research field to acknowledge these barriers and to work
within our respective communities to mitigate and eliminate them where possible.
Another limitation of the majority of the work described here is the reliance on
questionnaires and performance-based tasks. While these measures are beneficial in that
they are quantitative and dimensional, they cannot fully capture the lived experiences of
the autistic individuals participating in these studies. As part of participant screening and
data collection for the autistic adults included in these studies, participants were asked a
series of questions about their development, challenges, and experiences. Their answers
are rich with complexities that a questionnaire cannot begin to unpack. For instance, two
participants reported making eye contact with their family members and very few others.
If asked about it on a questionnaire, they would respond in a similar way. However, their
experiences were actually quite different. One participant said they made eye contact
with their family members only because they felt most comfortable with them and
therefore making eye contact wasn’t a burden. The other participant said they made eye
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contact with their family members only because they were under extreme pressure from
their family to be and appear “normal” and so they made sure to make eye contact with
their family even though they experienced great discomfort doing so. These examples
points to the limitations of attempting to measure behaviors without taking context into
account. That is not to say that questionnaires and tasks are not useful -- they certainly
are. However, they are also limited and should be acknowledged as such.
Future directions
Recently, there has been an exciting and necessary movement for the inclusion of
autistic self-advocates and other stakeholders in the shaping of autism research priorities,
design, and interpretation. Recent work assessing the priorities of the autistic community
and other stakeholders suggest that future research should focus on questions that address
day-to-day functioning and experiences of autistic individuals and should address a wide
age range (Pellicano et al., 2014; Roche et al., 2021). Several mental health-specific
priorities have been identified in a similar way and include the following: making mental
health treatment more accessible and trauma-informed, critical evaluation of current
treatment methods to reduce harm, prioritization of outcome measures such as quality of
life and social well-being, and de-stigmatizing and promoting inclusion of people on the
autism spectrum (Benevides et al., 2020). In evaluating potential follow-up studies from
the work described in this dissertation, these priorities need to be emphasized.
As such, I think the evaluation of how useful current measures are for autistic
adults needs to continue to be explored. There are still many unanswered questions
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related to the discrepancies between self-report and informant-report scores for autistic
adults, including the following: 1) what is the role of bias or stigma held by the
informant; 2) do these discrepancies play out in day to day interactions and, if so, how
does that impact the well-being and mental health of the autistic adults; and 3) how well
does a self-report or informant-report questionnaire reflect daily functioning.
Additionally, the role of resilience in the interaction between ASD-related traits and
anxiety and depression symptoms needs to be further explored. We need to ask how we
can adjust existing programs to improve resilience in a way that is effective, traumainformed, and considerate of the needs of autistic adults. Also, identifying who may or
may not benefit from such a program can help prevent wasted time and resources in
receiving ineffective treatments.
Due in large part to the hard work and persistence of autistic self-advocates and
other stakeholders, autism research is entering a new phase in which priorities are shifting
and the idea of “nothing about us [autistic individuals] without us” is taking hold. To me,
this is the most exciting and gratifying future direction for the field. I hope that the work I
described here can be improved and built upon in coming years to align with these goals.
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Appendix
Table A- 1. Synaptic Cell Adhesion Molecule (SCAM) reference table.
This table provides the available background information – namely location within the synapse,
synapse types, binding partners, and expression patterns – on the SCAMs discussed in the review.
SCAM (mouse
gene)

Location in
Synapse

Synapse
Types

Binding Partners

Expression in
Brain
(Postnatal)

References

Calsyntenin-2
(Clstn2)

Postsynaptic

Excitatory
and
inhibitory

Heterophilic,
unspecified in
literature

Throughout
brain

(Hintsch et
al., 2002)

Excitatory
and
inhibitory

Heat shock cognate
71 kDa protein,
synaptosomal nerveassociated protein 25,
vesicle-associated
membrane protein,
cysteine string
protein, integrins

Throughout
brain in
neurons, in
some glial
populations

(Andreyeva et
al., 2010;
Buhusi et al.,
2003;
Hillenbrand et
al., 1999;
Holm et al.,
1996;
Leshchyns’ka
et al., 2006)

PSD-95, SAP97,
SAP102, Shanks

Neocortex,
hippocampus,
olfactory bulb,
and striatum

(Naisbitt et
al., 1999;
Takeuchi et
al., 1997;
Welch et al.,
2004)

Neurexins α and β

Throughout
brain

(Laurén et al.,
2003; Linhoff
et al., 2009;
Siddiqui et
al., 2010)

Netrin-G 2, PSD-95

Cerebellum,
cerebral cortex,
occipital lobe,
frontal lobe,
temporal lobe,
putamen

(S. Kim et al.,
2006; Q.
Zhang et al.,
2005)

Close homologue
of L1 (Chl1)

Disk large
associated protein 2
(Dlgap2)

Leucine-rich repeat
transmembrane
neuronal 1
(Lrrtm1)

Netrin-G ligand 2
(Lrrc4)

Presynaptic

Postsynaptic

Postsynaptic

Postsynaptic

Excitatory

Excitatory

Excitatory
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Neural growth
regulator 1 (Negr1)

Neurexin 1 (Nrxn1)

Neurexin 2 (Nrxn2)

Homophilic, opioidbinding cell adhesion
molecule

Pre- and
postsynaptic*

Presynaptic

Presynaptic

Excitatory
and
inhibitory

Excitatory
and
inhibitory

Neuroligins,
dystroglycan,
LRRTM, cerebellins,
GABA-A receptors,
calsyntenins,
latrophilins,
CA10/11, C1qls,
neurexophilin

Neuroligins,
dystroglycan,
LRRTM, cerebellins,
GABA-A receptors,
calsyntenins,
latrophilins,
CA10/11, C1qls,
neurexophilin

Olfactory bulb,
cerebral cortex,
diencephalon,
hippocampus,
cerebellum,
medulla
oblongata

(Funatsu et
al., 1999;
Hashimoto et
al., 2008;
Miyata et al.,
2003; Singh
et al., 2018;
Szczurkowska
et al., 2018)

Alpha: across
the brain; Beta:
layers 2 and 3 of
cerebral cortex,
thalamus,
cerebellum

(Boucard et
al., 2005,
2012; Graf et
al., 2004; Joo
et al., 2011;
Ko et al.,
2009; Missler
et al., 2002;
Pettem et al.,
2013; Sugita
et al., 2001;
Ushkaryov et
al., 1992; C.
Zhang et al.,
2010)

Alpha: layers 2,
4, and 6 of
cerebral cortex,
thalamus,
cerebellum;
Beta: across
brain

(Boucard et
al., 2005,
2012; Graf et
al., 2004; Joo
et al., 2011;
Ko et al.,
2009; Missler
et al., 2002;
Pettem et al.,
2013; Sugita
et al., 2001;
Ushkaryov et
al., 1992; C.
Zhang et al.,
2010)

Neuroligin 1
(Nlgn1)

Postsynaptic

Excitatory

PSD-95, neurexins α
and β

Throughout
brain

(Iida et al.,
2004; Irie et
al., 1997;
Meyer et al.,
2004; J.-Y.
Song et al.,
1999)

Neuroligin 2
(Nlgn2)

Postsynaptic

Inhibitory

Neurexins α and β

Throughout
brain

(Hines et al.,
2008;
Varoqueaux
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et al., 2004)

Neuroligin 3
(Nlgn3)

Postsynaptic

Excitatory
and
inhibitory

Neurexins α and β

Throughout
brain

(Budreck &
Scheiffele,
2007)

Neuroligin 4
(Nlgn4)

Postsynaptic

Glycinergic

Neurexins α and β

Throughout
brain

(Hoon et al.,
2011; Jamain
et al., 2008)

Postsynaptic
density protein 93
(Dlg2)

Postsynaptic

Excitatory
and
inhibitory

PSD-95, K+
channels, NMDA
receptors, NR2

Throughout
brain

(E. Kim et al.,
1996; Parker
et al., 2004)

Throughout
brain

(Akama et al.,
2013;
Chetkovich et
al., 2002; Cho
et al., 1992;
Cohen et al.,
1996; Hunt et
al., 1996; Irie
et al., 1997;
E. Kim et al.,
1997; Kornau
et al., 2007;
Takeuchi et
al., 1997)

Postsynaptic
density protein 95
(Dlg4)

Protocadherin 10
(Pcdh10)

Shank 2
(Shank2/ProSAP1)

Shank 3
(Shank3/ProSAP2)

Postsynaptic

Postsynaptic

Postsynaptic

Postsynaptic

Excitatory

NMDA receptors,
AMPA receptors,
mGluRs, DLGAP1-4,
neuroligins, Kir 2.1
and 2.3, and Gprotein-coupled
Receptor 30

Excitatory

Homophilic and
limited heterophilic
binding, including
ubiquinated PSD-95

Throughout
brain

(Aoki et al.,
2003; Hirano
et al., 2018;
Luckner et al.,
2001; Nakao
et al., 2008)

Excitatory

Homophilic,
DLGAPs, Homer
family proteins,
cortactin, NMDAR

Throughout
brain

(Naisbitt et
al., 1999; Tu
et al., 1999)

Excitatory

Homophilic,
DLGAPs, Homer
family proteins,
cortactin, NMDAR,
mGluRs

Throughout
brain

(Naisbitt et
al., 1999; Tu
et al., 1999)
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Synaptic adhesion
like molecule
(Lrfn2)

Synaptic cell
adhesion molecule
1 (Cadm1)

Synaptic
scaffolding
molecule (Magi2)

Postsynaptic

Excitatory
and
inhibitory

PSD-95, SAP97,
SAP102

Pre- and
postsynaptic

Excitatory
and
inhibitory

Homophilic,
SynCAM2, CASK,
syntenin

Excitatory
and
inhibitory

PSD-95,
SAPAP/DLGAPs,
dystroglycan,
neuroligin 1,
neuroligin 2, NMDA
receptors, and
transmembrane
AMPA receptor
regulating proteins

Postsynaptic

*switches from presynaptic to postsynaptic over development
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Throughout
brain

(S. Kim et al.,
2006; Ko et
al., 2006; C.Y. Wang et
al., 2006)

Throughout
brain

(Biederer et
al., 2002;
Fogel et al.,
2007; Thomas
et al., 2008)

Throughout
brain

(Deng et al.,
2006; Hirao et
al., 1998,
2002; Sumita
et al., 2007)

Table A- 2. Behavioral assays and results.
Assay Glossary
Caged adult social interaction test (aka social discrimination test)- A test rodent is
placed in an arena with an empty wire cage which is then replaced with an adult caged
stimulus rodent. Time that the test animal spends interacting with the empty and stimulus
rodent cages is measured. The time spent sniffing the stimulus rodent cage is a measure of
social affiliation, with more time corresponding to greater social affiliation.
Direct social interaction test (aka dyadic social interaction, reciprocal social
interaction, or social proximity test)– A rodent is placed in a neutral cage or test box /
arena with an unfamiliar rodent, and no barrier separates the rodents. Several variables can
be measured in this task, including frequency of behaviors (following, sniffing, etc.), time
spent interacting / sniffing, latency to interact, and number of social bouts. Several of these
variables are used as measures of social affiliative behavior.
Direct social interaction test with juvenile- A rodent is placed in a neutral cage or test
box / arena with an unfamiliar juvenile rodent, and no barrier separates the rodents. Time
spent interacting (sniffing each other, grooming each other, etc.) is measured, which is
indicative of overall social affiliation.
Open field social preference – This assay compares the behavior of a test rodent in an
open field with a non-social object and an unfamiliar stimulus rodent. The time spent
investigating the non- social object and the unfamiliar stimulus rodent is compared. More
time investigating the stimulus rodent compared to the non-social object indicates greater
social affiliation.
Social interaction in homecage – Two rodents are placed in a homecage, separated by a
transparent wall. Time spent interacting (sniffing through the transparent wall) is measured
and indicates overall social affiliation.
Social preference test (Morellini et al., 2004)- In this assay, there is a starting
compartment with two other compartments branching off, one of which has three familiar
mice and the other of which has three unfamiliar mice. The latency to initiate contact with
each group of mice serves as a metric for social affiliation and social approach.
Three-chamber social preference test (aka Social Approach Test)– For this assay, there
is a three-chambered apparatus with a non-social object (e.g. empty wire cage or Plexiglas
cylinder, novel inanimate object) in one end chamber and a social object (i.e. a wire cage or
Plexiglas cylinder containing an unfamiliar stimulus rodent) in another end chamber. The
amount of time that the test rodent spends investigating (e.g. sniffing) the cage containing
the stimulus mouse, and the time that the test rodent spends in the end chamber with the
stimulus mouse cage, are measures of social affiliative behavior.
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sCAM of Study
(Reference)
Cadherin 13
(Tantra et al.,
2018)

Calsyntenin 2
(Ranneva et al.,
2017)

Cell adhesion
molecule L1
like (Morellini
et al., 2007)

Cerebellin 1
(Krishnan et al.,
2017)

Model

Genetic
Background

GlyT2-Cdh13-/-

Clstn2 -/-

Chl1-/-

Dlgap2-/-

Leucine rich
repeat
transmembrane
neuronal 1
(LRRTM1)
(Takashima et
al., 2011)

Lrrtm1-/-

Social
Affiliation
Assay

Social Affiliation
Findings

Male / adult

Direct
social
interaction
test

Increased

Male and
female / 3-4
months

Threechamber
social
preference
test

Decreased

Male / 3-4
months

Direct
social
interaction
test

Decreased

Female /
not
specified

Social
preference
test
(Morellini
et al., 2004)

Decreased

Threechamber
social
preference
test

No change

Direct
social
interaction
test

Decreased

Male / 8-9
weeks

Threechamber
social
preference
test

Increased

Male / 36
weeks old

Open field
social
preference

No change*

C57BL/6NCrl

C57BL/6J ×
129Ola

Male and
female / 711 weeks

VGluT2CreCbln1fl/fl

Disks largeassociated
protein 2
(DLGAP2)
(Jiang-Xie et al.,
2014)

Gender /
Age of
Testing

C57BL/6

164

Nephrin 2 (Choi
et al., 2015)

Netrin-G ligand
2 (Um et al.,
2018)

Neurexin 1
(Twining et al.,
2017)

Neurexin 1
(Etherton et al.,
2009)

Neurexin 1
(Grayton et al.,
2013)

Neph2-/-

Lrrc4-/-

Nrxn1-/-

Nrxn1α -/-

Nrxn1α -/-

C57BL/6J

C57BL/6J

Sprague-Dawley
rats

SV129/C57B6

Not
specified /
8-16 weeks

Threechamber
social
preference
test

Decreased

Male / 2-5
months

Threechamber
social
preference
test

Decreased

Direct
social
interaction
test

Decreased

Open field
social
preference

Decreased

Threechamber
social
preference
test

No change

Caged adult
social
interaction
test

No change

Direct
social
interaction
test

No change

Threechamber
social
preference
test

Increased

Direct
social
interaction
test with
adult

Increased in males;
No change in
females

Male / 9-12
weeks

Male and
female / 2-6
months

Male and
female / >
10 weeks

C57BL/6J

Direct
social
interaction
test with
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Decreased

juvenile

Nrxn1α+/-

Nrxn1α+/-

Threechamber
social
preference
test

No change

Direct
social
interaction
test with
adult

No change

Direct
social
interaction
test with
juvenile

Decreased in
males; No change
in females

Male and
female /
P30

Direct
social
interaction
with
juvenile

Decreased

Male and
female /
P37-42

Threechamber
social
preference
test

No change

Threechamber
social
preference
test

No change

Direct
social
interaction
test

Decreased

Male and
female /
P30

Direct
social
interaction
with
juvenile

Decreased

Male and
female /

Threechamber
social

Male and
female / >
10 weeks

C57BL/6J

C57BL/6J

Neurexin 1
(Armstrong et
al., 2019)

Male and
female / 812 weeks

Nrxn1α

-/-

C57BL/6J
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No change

P37-42

Threechamber
social
preference
test

No change

Direct
social
interaction
test

Decreased

C57BL/6NCrl

Male and
female / > 8
weeks

Threechamber
social
preference
test

Decreased

C57BL/6NCrl

Male and
female / > 8
weeks

Threechamber
social
preference
test

Decreased

Threechamber
social
preference
test

Decreased in
females; no change
in males

Direct
social
interaction
test with
juvenile

Decreased in
females; no change
in males

Threechamber
social
preference
test

No change

Direct
social
interaction
test with
juvenile

No change

Threechamber
social
preference

Decreased

Male and
female / 812 weeks

Nrxn1α+/Neurexin 1 and
Neurexin 2
(Dachtler et al.,
2015)
Nrxn2α+/-

Nrxn2α-/-

Male and
female / 10
weeks

C57BL/6

Neurexin 2
(Born et al.,
2015)

Nrxn2α+/-

Neurexin 2
(Dachtler et al.,
2014)

Nrxn2α

-/-

preference
test

Male and
female / 10
weeks

C57BL/6

Not
specified /
> 8 weeks

C57BL/6
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test

Neuroligin 1
(Blundell et al.,
2010)

129S6/SvEvTac/
Nlgn1

-/-

C57BL/6J

Nlgn1-/-

Threechamber
social
preference
test

No change

Direct
social
interaction
test with
juvenile

No change

Caged adult
social
interaction
test

Decreased

Male / 44.5 months

Threechamber
social
preference
test

Decreased

Male / 44.5 months

Threechamber
social
preference
test

No change

Threechamber
social
preference
test

Decreased

Caged adult
social
interaction
test

Decreased

Threechamber
social
preference
test

No change

Not
specified /
2-8 months

Neuroligin 1
(Dang et al.,
2018)
Nlgn1+/-

Neuroligin 1
(Nakanishi et
al., 2017)

Nlgn1P89L/+

Male / 1415 week

C57BL/6J

HA-NL1FL

C57BL/6J

Not
specified /
Adult

HA-NL1∆C

C57BL/6J

Not
specified /
Adult

Neuroligin 1
(Hoy et al.,
2014)
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Threechamber
social
preference

No change

test

Male / 2
months

Threechamber
social
preference
test

No change

Male / 2
months

Threechamber
social
preference
test

No change

Not
specified /
9-10 weeks

Threechamber
social
preference
test

No change

Not
specified /
13-14
weeks

Threechamber
social
preference
test

Decreased

Nlgn2 -/-

C57BL/6NCrl,
129S6/SvEvTac,
and
129S2/SvPasCrlf

Male and
female / 810 weeks

Threechamber
social
preference
test

No change

Nlgn2+/-

C57BL/6NCrl,
129S6/SvEvTac,
and
129S2/SvPasCrlf

Male and
female / 810 weeks

Threechamber
social
preference
test

No change

Direct
social
interaction
test

Decreased

Threechamber
social
preference
test

Decreased

Direct
social
interaction
test with

No change

Nlgn1 shRNA
knockdown

C57BL/6J

Neuroligin 1
and Neuroligin
2 (Gkogkas et
al., 2013)
Nlgn2 shRNA
knockdown

Neuroligin 2
(Liang et al.,
2015)

Conditional
Nlgn2-/- in
mPFC

Neuroligin 2
(Wöhr et al.,
2013)

Neuroligin 2
(Hines et al.,
2008)

Neuroligin 2
(Blundell et al.,
2009)

C57BL/6J

TgNL2.6

Nlgn2-/-

Male / 6
weeks

C57BL/6

C57BL/6NCrl ×
129S2/SvPasCrlf
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Male and
female / 2-4
months

juvenile

Neuroligin 2
(Kohl et al.,
2015)

Nlgn2
overexpression
in Hip

Neuroligin 2
(Van Zandt et
al., 2019)

Nlgn2
overexpression
in Hip

Neuroligin 3
(Radyushkin et
al., 2009)

Nlgn3-/-

Nlgn3 -/-

Threechamber
social
preference
test

No change

Male / 1718 weeks

Threechamber
social
preference
test

No change

Male / adult

Threechamber
social
preference
test

No change

Threechamber
social
preference
test

No change

Direct
social
interaction
test

No change

C57BL/6J

Not
specified /
P30-P45

Threechamber
social
preference
test

Decreased

C57BL/6J

Not
specified /
P30-P45

Threechamber
social
preference
test

No change

Threechamber
social
preference
test

Decreased

Direct
social
interaction
test with

Decreased

C57Bl/6

C57BL/6NHsd

C57BL/6NCrl

Male / 1216 weeks

Neuroligin 3
(Bariselli et al.,
2018)
Nlgn3 VTA
DA
knockdown

Neuroligin 3
(Tabuchi et al.,
2011)

Nlgn3R451C

Male / 2-4
months

C57/B16
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juvenile

Neuroligin 3
(Etherton et al.,
2011)

Neuroligin 3
(Jaramillo et al.,
2018)

Neuroligin 3
(Cao et al.,
2018)

Neuroligin 3
(Burrows et al.,
2015)

Neuroligin 3
(Kumar et al.,
2014)

Neuroligin 3
(Hamilton et al.,
2014)

Nlgn3R451C

Nlgn3R451C

Nlgn3R451C

Nlgn3R451C

Nlgn3R451C

Nlgn3-/-

Threechamber
social
preference
test

No change

Caged adult
social
interaction
test

Decreased

Threechamber
social
preference
test

No change

Caged adult
social
interaction
test

No change

Male / 2-3
months

Threechamber
social
preference
test

No change

Sv129/C57BL6

Male / 3-10
weeks

Threechamber
social
preference
test

No change

C57BL/6

Male and
female / 2868 days

Threechamber
social
preference
test

Decreased

Threechamber
social
preference
test

No change

Direct
social
interaction
test

No change

Male / 2-4
months

C57/B16

Male / 2.36.6 months

C57BL/6J

G42

Sprague Dawley
rat
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Male / 2440 days

Neuroligin 3
(Jaramillo et al.,
2014)

Neuroligin 3
(Chadman et al.,
2009)

Neuroligin 4
(Jamain et al.,
2008)

Nlgn3R451C

Nlgn3R451C

Nlgn4-/-

Negr1
downregulation
Neuronal
growth
regulator 1
(Szczurkowska
et al., 2018)

Negr1-/-

Negr1+/-

Neuronal
growth
regulator 1
(Singh et al.,
2018)

Neuronal
growth
regulator
1(Singh et al.,
2019)

Negr1-/-

Negr1-/-

129S2/SvPasCrl

Male / 3.75.4 months

Threechamber
social
preference
test

C57BI/6J

Male and
female / 710 weeks

Threechamber
social
preference
test

No change

Threechamber
social
preference
test

Decreased

Direct
social
interaction
test

Decreased

C57BI/6J

Male and
female /
P20-25

Direct
social
interaction
test

Decreased

C57BI/6J

Male and
female /
P20-25

Direct
social
interaction
test

Decreased

C57BI/6J

Male and
female /
P20-25

Direct
social
interaction
test

Decreased

Male / 2-3
months

Threechamber
social
preference
test

Decreased

Threechamber
social
preference
test

Decreased

Male / 3
months

C57BL/6

129S5/SvEvBrd
× C57BL/6

129S5/SvEvBrd
× C57BL/6

Male / 1214 weeks

Direct
social
interaction
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Decreased

[Increased number,
decreased
duration]

test
Protocadherin
10 (Schoch et
al., 2017)

Pcdh10+/-

Dlg2 -/-

Dlg2

+/-

C57BL/6N ×
C57BL/6J

Male and
female / 2832 days

Threechamber
social
preference
test

Decreased

C57BL/6J

Male and
female / 3-4
months

Direct
social
interaction
test

Increased

C57BL/6J

Male and
female / 3-4
months

Direct
social
interaction
test

No change

C57BL/6J

Male and
female / 3-4
months

Direct
social
interaction
test

[Too motor
impaired to
complete]

C57BL/6J

Male and
female / 3-4
months

Direct
social
interaction
test

Increased

Direct
social
interaction
test

No change

Threechamber
social
preference
test

Increased

Threechamber
social
preference
test

No change

Direct
social
interaction
test

No change

PSD-93 and
PSD95(Winkler et
al., 2018)
Dlg4

Dlg4

PSD-95 (Feyder
et al., 2010)

SALM1 (Li et
al., 2018)

SALM1
(Morimura et
al., 2017)

-/-

+/-

Dlg4-/-

Lrfn2-/-

Lrfn2-/-

Male / 8-10
weeks

C57BL/6J

Male / 2-6
months

C57BL/6

Male / 2-3
months

C57BL/6
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Threechamber
social
preference

Decreased

test

Shank2 (Lee et
al., 2015)

Shank 2-/C57BL/6
exon 6-7

Direct
social
interaction
test

Decreased

Male / 2-4
weeks

Threechamber
social
preference
test

Decreased

Male / 9-12
weeks

Threechamber
social
preference
test

Decreased

Male / 9-12
weeks

Threechamber
social
preference
test

No change

Threechamber
social
preference
test

No change

Direct
social
interaction
test

No change

Male / 8-15
weeks

Threechamber
social
preference
test

Decreased

Male and
female /
>P56

Threechamber
social
preference
test

Decreased

Male and
female /
P28-P35

Direct
social
interaction
test

Decreased

CaMKII-Cre;
Shank2fl/fl
Shank2 (Kim et
al., 2018)

C57BL/6J

exon 6-7
Viaat-Cre;
Shank2fl/fl

C57BL/6J

exon 6-7

Shank2 (Ha et
al., 2016)

Pcp2-Cre;
Shank2fl/fl

C57BL/6N

Male / 2-5
months

exon 6-7

Shank2 (Lim et
al., 2017)

Shank2 (Chung
et al., 2018)

Shank2-/C57BL/6N
exon 6-7

Shank2-/C57BL/6N
exon 6-7

174

Male / >
P56

Threechamber
social
preference
test

No change

Male / P2836

Direct
social
interaction
test

Decreased

Social
interaction
in
homecage

Decreased

Threechamber
social
preference
test

Decreased

C57BL/6

Male and
female / 3-6
months

Threechamber
social
preference
test

No change

C57BL/6

Male and
female / 3-6
months

Threechamber
social
preference
test

No change

Male and
female /
P25

Threechamber
social
preference
test

Male and
female /
P31

Direct
social
interaction
test

Decreased in
males; no change
in females

C57BL/6J

Male and
female / 3-5
months

Direct
social
interaction
test

Decreased

C57BL/6J

Male and
female / 3-5

Social
interaction

No change

Shank2-/Shank2 (Chung
et al., 2019)

Shank2 (Won et
al., 2012)

exon 6-7

C57BL/6J ×
C57BL/6N

Shank2-/-

Male / 2-5
months

C57BL/6
exon 6-7

Shank2-/Shank2
(Schmeisser et
al., 2012)
Shank2+/-

Shank3 (Balaan
et al., 2019)

Shank3-/C57BL/6J
exon 13-16

Shank3-/Shank3
(Jaramillo et al.,
2016)

exon 4-9
Shank3+/-
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No change in
females; decreased
in males
Decrease in
females; no change
in males

exon 4-9

Shank3 (Lee et
al., 2015)

Shank3

months
Not
specified /
2-4 months

Threechamber
social
preference
test

No change

Male /
juvenile

Threechamber
social
preference
test

Decrease

C57BL/6

Male /
juvenile

Threechamber
social
preference
test

Decrease

C57BL/6

Male and
female / 2-6
months

Threechamber
social
preference
test

No change

Threechamber
social
preference
test

Decreased

Direct
social
interaction
test

Decreased

Threechamber
social
preference
test

No change

Direct
social
interaction
test

Decreased

Caged adult
social
interaction
test

Decreased

-/-

C57BL/6N
exon 9

Shank3

-/-

C57BL/6
exon 21
Shank3(Duffney
et al., 2015)
Shank3

+/-

exon 21

Shank3 (Kouser
et al., 2013)

Shank3 (X.
Wang et al.,
2011)

Shank3
(Jaramillo et al.,
2017)

Shank3

-/-

exon 21

Shank3-/-

Male and
female / 3-4
months

C57BL/6J
exon 4-9

Shank3-/-

Male and
female /
5.4-9 weeks

C57BL/6J
exon 13
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Threechamber
social
preference
test

Decreased

Direct
social
interaction
test

No change

Caged adult
social
interaction
test

No change

Male / 3
months

Threechamber
social
preference
test

Decreased

Male / 3
months

Threechamber
social
preference
test

No change

Male / 3
months

Threechamber
social
preference
test

Decreased

C57B6/S129Sv

Male / 3
months

Threechamber
social
preference
test

Decreased

C57BL/6J

Male and
female /
P28-29

Threechamber
social
preference
test

Decreased

No change

Shank3+/-

Male and
female /
5.4-9 weeks

C57BL/6J
exon 13

Shank3InsG3680/
InsG3680

Shank3InsG3680/+

C57B6/S129Sv

C57B6/S129Sv

Shank3 (Zhou et
al., 2016)
Shank3R1117X/
C57B6/S129Sv
R1117X

Shank3R1117X /+

Shank3
(Bariselli et al.,
2016)

DATC; AAVshShank3 re

Shank3 (Bey et
al., 2018)

Drd1Cre;Shank3
exon 4-22

Male and
female / 812 weeks

Threechamber
social
preference
test

Drd2-Cre;
Shank3 exon 4-

Male and
female / 8-

Threechamber
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No change

Shank3 (Fourie
et al., 2018)

22

12 weeks

Dlx5/6-Cre;
Shank3 exon 422

Male and
female / 812 weeks

Threechamber
social
preference
test

No change

NEX-Cre;
Shank3 exon 422

Male and
female / 812 weeks

Threechamber
social
preference
test

No change

Shank3-/-

Male and
female / 910 weeks

Threechamber
social
preference
test

No change

Male and
female / 2-6
months

Threechamber
social
preference
test

Decreased

Male / 6-8
weeks

Threechamber
social
preference
test

Decreased

Threechamber
social
preference
test

No change

Direct
social
interaction
test

No change

Threechamber
social
preference
test

Decreased

C57BL/6J
exon 13-16

Shank3 (Guo et
al., 2019)

Shank3 (Ma et
al., 2018)

Shank3 ACC
conditional KO

Shank3+/C57BL/6
exon 21

Shank3

-/-

Male / 5-6
weeks

Hybrid
exon 4-7

Shank3 (Peça et
al., 2011)

Shank3-/-

Male / 5-6
weeks

Hybrid
exon 13-16

social
preference
test

Direct
social
interaction
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Decreased

test

Shank3 (Qin et
al., 2019)

Threechamber
social
preference
test

Decreased

Direct
social
interaction
test

Decreased

Male /
unspecified

Threechamber
social
preference
test

No change

Male /
unspecified

Threechamber
social
preference
test

No change

Sprague Dawley
rat

Male / P3542

Threechamber
social
preference
test

No change

C57BL6J

Male and
female / 2-6
months

Threechamber
social
preference
test

Decreased**

C57BL6J

Male and
female / 2-6
months

Threechamber
social
preference
test

Decreased**

C57BL/6

Not
specified /
3 months

Threechamber
social
preference
test

Decreased

C57BL6/J

Male and
female / 12
weeks

Threechamber
social
preference

No change

Shank3+/-

Male / 5-6
weeks

C57BL/6
exon 21

Shank3-/C57BL/6J
exon 13-16
Shank3
(Rendall et al.,
2019)
Shank3+/C57BL/6J
exon 13-16

Shank3 (Song et
al., 2019)

Shank3-/exon 11-21

Shank3InsG / InsG
Shank3 (Speed
et al., 2015)
Shank3InsG / +

Shank3
(Vicidomini et
al., 2017)

Shank3 (Wang
et al., 2019)

Shank3-/exon 11

Shank3-S685I
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test
Threechamber
social
preference
test

No change

Direct
social
interaction
test

Increased

Threechamber
social
preference
test

No change

Direct
social
interaction
test

Increased

C57BL/6J

Male and
female / 2-4
months

Threechamber
social
preference
test

No change

C57BL/6J

Male and
female / 2-4
months

Threechamber
social
preference
test

No change

C57BL/6J

Male and
female / 3-5
months

Threechamber
social
preference
test

Decreased in
females; no change
in males

C57BL/6J

Male / 2025 weeks

Direct
social
interaction
test

Decreased

Shank3-/-

Male / 2-7
months

C57BL/6
exon 14-16

Shank3 (Yoo et
al., 2018)

Viaat-Cre;
Shank3-/-

Male / 2-7
months

C57BL/6

exon 14-16

Shank3

Q321R /

Q321R

Shank3 (Yoo et
al., 2019)
Shank3Q321R / +

S-SCAM
(Zhang et al.,
2015)

SynCAM1
(Takayanagi et
al., 2010)

CaMKIIalphaS-SCAM

Cadm1

-/-

*demonstrated social preference, wild-type lacked social preference in this study
**lacked social preference, but not different from wild-type in this study
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